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changesto thesubjectreportshouldbe noted:

lastline in third,,rullpar~raph:
Changek2 percenttoread 23 percent.11

line3: Change“1OOO11toread111190.11

equation(19)shouldread:

w= 0.Z5 * UotiC2m

thefirstequationfor M shouldread:

M=

6quation

equation

~2
0.=5 -$&Uom

2stC2(1- Coq6M)

(21)shouldread:

M=
qu+

0“225200& - co8eM)

(22)shotidread:

0.225 mJ#l
w=

200(1- cos@

centerofpage,thecomputationof M sho~dbe
written:

M=~
‘0”22’*’’*131b’h’ Bqf’ ““-
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I?age39,

q = 1.4..8

= 1o18

Fage47,

Page Z,

lastline,thecompu~ationof q shouldread:

X 1.633X 35 - 6.13X 35 - 0.832x14.8 X 0.8(2.05)2

Btu/hr,sqft

kble VI,thelastthreecolumnsofthetableshould
readas follows:

—.—
0 0 0

<48 <1.78 <?*OK...... —.

144 19.2 22.3

384 16.9 19.6

720 X2.7 14.7
.

tableX, column8 (flushwindshield)shouldread:

o

46Q
. . ..-—

830

1190

-.
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A METHODFOROAICULATINGT3E~HEAT~QUIRIIl

FORWINDSHIELDTWRMALIC13l?REVENTTON

BASEDONEXTENSIV3 I?LIGET TESTSIN

NATURATJICINGCONDITTOW., ●

.By-AlunR, Jones,GeorgeE..H@daway, . .
andCharlesP. S%einmetz

smMARY

cAn equationIspresented~-brcalculatin~thehe>.tfldw“reqtired
..fromthesur~aceofan interndl.yheatedwindshieldinorderto
preventtheformationoficeaccretionsduringflightin specified
icingconditions>TO ascertainthevalidityoftheequation,
<comparisonie mad6betweencalculatedvaluesoftheheatrequired
andmeasure&values’obtxiinedfortestwindshieldsinactual-flights
fn icingconditions>

Thetestwindshieldswereinternallyheatedsadprovided’data
applicableto~o oonmontypesofwindshieldconfigurations;namely

@he V-typeandthetypeinstallqdflushwiththefuselage-contours>
Thesewindshieldswereinstalledona twin-engine-cargoairplaneand
theicingflightswereconductedovera largeareaofthe
UnitedStatesduringthewintersof 1945-46and.1946-47. In
additionto theinternallyheatedwindshieldinvestigation,sorne-
%estdatawereobtainedfora windshieldice-preventionsystemin

.. whichheatedairwasdischargedintothewindshieldboundary~yer,

Thegeneralconclusionsresultingfromthisinvestigation
as follows:,,

l.”Theamountofheatrequiredforthepreventionofice
accretionson%othflush-apdV-typewindshieldsduringflight
spectfiedicingconditionscan_becalculatedwitha degreeof
accuracysuita%lefordesignp.mposes.

are

in

Y 2.A heatflowof2000to2500Btuperhourpersqurefoot
.,, isrequired.forcompleteandcontinuousprotectio~”ofaV-type

windshieldinflightat speedsup to 300miles~erhourina. . -.
,-
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moderatecummlousicingcondition;For‘thesamedegreeof prOtieC*hn
andthesamespeedro,p~e,a valueof1000Btuperhourpersquare
footsufficesina moderatestratusicingcondition,

..
3* A heata“upplyof~000Btuperhourper~quarefootis

adequatefora flushwlndehieldlocatedwellaftofthefuselage
stagnationregion,at speedsUZYto 300milesperhour,forflight
intothstratusandmoderatecumulousicir~conditim,q.

. . *..,
4.[Theexternala& disch~~esystemofwindshieldthermal

IcepreventionfsthermallyInefficientandrequiresa heat supply
approximately20 timesthatrequiradforan tnternalsystemhaving
thesameperformance.1~~

—*.-..
r; -.. :..

IIU$IODUCTTON . : . G.-

Forseveralyears-theNACAhascmgagedina brmd research
programon theproblemofthepreventionof iceformationson
airplanes.Particularattentionhasbeengiventothe“ut<lizatfon...
(inmriousthermalice-preventiongystmns)oftheavail++e~ste....
heatintheengineexhauatgases.,,

Onepartof this ici&r&earch.program hasbeen”conce&edwith-
theinvestigationo$.themna~meansofwi.ndshie.ldico-pre~ention.
Thefirstsatisfactorysoluttondevelopedvasthedoiibl~panel-type
systemdescribedinreference1 andtestedontheLockheed124,
Con801fdatedB-2k,aridCurtJs-1-ightC-46airplanes(referq’ce.s1,
2,and3). - . ...,—.. — .-

,,
.The“testsofreference1 r.emil.tedin thetentati%8pecific-

tionofa’hea%flowrequirementof1000Btupere@ar6footper.hour
throughthewimishieldoiztersurface.ThisVnluo-was-basedOn.,@ti
obta3.nedfora V=tfie”windshj.elbatfI.ightspeedsup to150miles
perhour. ‘Ilhe’flightinvestigationofrpferenco2 wasalsocoqikcted
witha wind~hieid‘ofthisconfiguration;andthespociflcatlon
appew~d&d.equate:T!bueate&airflushwindshieldinstallationh
thec-46airpbne.(raferonce3)providedsatisfa~toryprotebtlonj”
butdidnot”serve--asa checkon thG validityof the1000Btupcr
hourper.squarefootspecificationforalltypesofwindshields,
beoausethewindshield.cw.fi~atlonhadappreciablyMfferonticfrtg
characteristicsthantheV-typespreviouslyteste~;

Although”the~e‘ftit~researches”providedsomeinfo~tionon
windshieldheatrequirements,thoresultswereempiricalinnatu+”
andcouldnotsmn% aH a fundamentalbasisfortheprodlctior,of~the,,
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heatlmgrequirementsforwindshieldconfigurationsad.flight
conditionsdifferentthanthoseinvestigated>Accordingly,a
fundamentalwindshieldicingresearchwasundertaken..This.research.
consistedofananalyticalstudyoftheheatln~re@rementsfor
internallyheatedwindshields,andsubsequentKL$”ghtteststo
det.ermi.netheapylicab~lityofthedes~~ equtionsresulti~from
theanalysis.In theflightteststheheatflowfromthestifaces
oftiriousspecialtestwindshieldsofdifferentcon.fi&atiohs
couldbe closelycontrolledandmeasur@..<M&~ements were~so
madeofthewindshieldsurfacetemperatures,bo~dary-1.ay&
profiles,‘flightconditions,andmeteorologicalfactorsduring
icingin ordertoprovidedataonallthebasicfactorswhichctid
be expectedtoaffeottheheatingrequirement.> .

..

Inadditiontotheresearchdirectedtowar~theestablislunent
of theheat—flowrequirementinthecasewheretheheatingwas
suppliedinte~ally$a secondaryinstigationconductedat the

—

ssmetimewasconce~edwiththepracticabilityoficeprevention
:, by themeansof tisc~gip~ a ~et ofheatedairintothewindshield
‘-bo~~y hyer.”Thisdevicewasi~~ial.lyii+etall-ed.inthe
c-46airplane(reference3)as a meansof”augmenttngtheintern@-,
double-panelwindshieldsyetemwithavailableprharyairfromthe
efiaust--gasheatexchangers.Thetestresultswithth$sInitial
installationweresufficientlypremisingtowarrantfurth6r
investigation.

An analyticalap~roachtotheexterna141ischarge~yl?eof
windshieldthek-1ice-preventionsystemwasattempted,butthe
unknawnsinvolved,suchas themixingoftheheatedjetwiththe
boundary-layerair,precludeda reascmablepret?lctionoftheaction-
ofthissystem.Actualtestsof external-dischargesystemsin
ictngconditionswereconsiderednecessary.ItwashopedHi&t
sufficientdataconcerningtheinfluenceof thevariouspertinent
factors,suchas jetflowrate,size,andtem~iwatureinlaaown
icingconditions,couldbe obtainedtoprovidean indicationof
thepracticabilityofthesystemandpossiblyfozmthe.basisfor
empirfcaldesignequations.<Contro~edh~ted+i~external-discharge
systems,therefore,-wereinvestigatedforbotha V-t”ypewindshield,
anda windshieldwhichwasflushwiththefuselsgecontours~

TheflighttestswereconductedinQlearairandinnatyral
icingconditionswithd G-46airplane.Znadditionto thewindshield
researchtheflighttests”includedthedatemn$nationofwi~ and
propellerheati~requirementsands.studyofWe meteorological-
faotorsconduciveto icing.:To obtaint~st&atainnaturalicing
cond.iti.ens,forallputs of theresearch.-programtheG-46airplane
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waso“pera~ed,by the~~ Aeronautic~lLaboratory,‘“Md?fet*Tiem,
Callf.’,duringtie“winks.1945-46and19k@+7.

TheapprecktionoftheIi&MisextendedtoUnitedAirLines,“
Inc.,theUnite~StatesWeqtherBw’eau,andtotheAirMaterial
Comn&nd.of+&e&my AirForcesforaidandcooperationIn the
retiearch.Inpartic+r,the6ervicesof-Ma~orJame~Murray,
ArmyAf”rF“orc,eB,andCaptainCarlM. ChristensonandFirstOffi”cer
LyleW. Re~oldB,UnitedAirLines,who“servedas pilotsOf&
researchairplane,waz!ea valuableaidtothe”conduct-fthe
inT.3etigati.OR. ,

.“ -..
.
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Thefollowingnomenclatureistiedt@rougho@thiBreport-:,.. ..

a

A

Ap

b

%?

SC
%7
c

D

e-

Ef

h-

J

k

...... ,
. . .
.,
.. . .
.-

.---

.-

-.

..
.-.

--,.

radiusofyat,e.r-&oplet$centimeters. T... .! ,; ___—
‘s&fa”cearea,squ&efgmt “--. c

. . ...
~ro3ec39dties,s~n”re feet

. ——--
pud.jectedhei~ht“ofwindshieldorhalfofa widthof .
‘ribbon,centimeters —

,-,
g~ecificheat-ofair,BtuperPoundj” dow~~ Fahrefieft .

. . .
. . . .

specificheatofwater,Btuperpound,degre:gFab.mr$ei”t,,.
.-

radiusofa ‘iThere,feet ....
.-: & _—....=$. . -.

a 6ig-~if~c&tdime~sionofwindshieldused“in-detem.&&zq““””’“-
“,Reynoldsnumber,feet “ . ...

water.vaporpresetib,inchesof’mercury

accelerationduetogravity,feetpersecond~second.

cotiv~ctiveheat==bransfercoefficientthroughthewi@-
shieldboundarylayer,Btuperhour,square-foot,deg~e
Fahrenheit “

tiachanicalequivalentofheat,foot-~ound~POTBtV .

ther&alconductivity,Btuperhour,squarefoot,
degreeFahrer?eltperfoot
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dirnms.ionles,squantityobt&nedfromreferencei4 and .“
,, ,, ~27#2Uo

“daftnedinthes~bolsof thisreport’as—
( ~g?l )

.lGn@h,ofa windshieldyanelora flatplateinthe
dilxmtionoflocalair flow,feet : .-

latmtheatofevaporationat s~a~e tqnperature,Btu
parpouidofwater ,.

.:
liquidwatercontentof”theair,gror&pm cubtcmeter“.

weightrateofwatertmpingment-pe&un$tarea,powds
perhoim,squarefoot

...’

unit rateofheqt<lw, Btu per hour;8r@re fbot

rateofheatsupply,Btu porhour “.

recovery

Reynold=

distance

factorequalto &l/s forturbulentflow

()UyDnumber — ,nondimensional.
l.%

fromtheregionofairstagnation,feet
—

temperature,degreesFahrenheit
..

kinetictempfiratureriseof air,degreesFahrenheit
..-

kinetictemperaturerise‘ofthewaterdroplets,degrees
Fahrsrheit

temperature,degreesFahrer!eftabsolute

localVelocfty

Velooity,feet.,
wefghtrateof

insideboundarylay~r,feetper,second
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:=. Weightofheat~da~rmpplicd,poundsperhour
.-:

distancealgngwi@shieLdinthedfmctionofeir flow,
, —.—.—tnches =....

. . ,kc. .-:

evtiporaiilorifa”ctor,definedas 1 +
“*(:=). . ..,.’ _

distancenormmltoVfiewtndahieldsurface,fnchos i
-a@e betweentheplaneofa wirdehieldanda plane

nomal tothestreamlinesaroundtheforebo~vofthe
windshield,degrees

spoci.?ic”weightofair,~o&iB percubicfootor ~runs. Tercubiccentimeter >:-
;. .,.-

L wpocificweightof’thswaterdroplct~,gramsycrcubtc
cmtimer.tor

@lisSiVityof,wfl,ndshield~nd

ef’~iclencyofwaterimpingement,percent

-“” half the central angle of’ thetotalar~o~ impingement
on a “spherical iwrtace, degr~es . ... _—-.

viecosltyofair,~am sec.orx%8persquareoentime~r:- ..-..-
dimension~essquantityobtainedframreference4 and

definedintheuymbolsof thisreportas
(=)

—.
Subscripts

—

c

E

1

0.

a-

&T

calculated

eqmrime@a3. .“

localconditionsjustoutsidotheboundarylayer
... :...

“~e~erence“toambientorfree-streamalrcondi$iopa
.

“-’refererioetowindshieldexternalsurfacecondi}lons

awmagecondition
.+ :....:!.

.—

.

.- T.-
-. . ..—

“A. :*--*

..—
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ANALYSIS

..

.

.Iceformationsonaircraftocctirdui~”flightthroughformations
of supercooleddropletsofwater.Uponcontactwithanunhqated-
surface,thewaterfreezesandioeaccwmmlatesata ratedepniiing
upontheefficiencywithwhichthesurfaceinterceptswaterdroplets
fromthefreeairetreamj#itha heatedsurfacethemsjorityof
thewat,erevaporatedis evaporatedat thewirface,althougha few
s&ll.drops-maybe evaporatedintheboundar~layer.Themaxbmnu
rateofevaporaticmoocurswhentheheated.surfaceIsfullywetted,
andit isforthiscomiitionthatthefollowing,anclysisapylips.

Theunitheatfluwfromtheoutersurfaceofa windshield
duringflightin icingcond.ition.scanbe co~id.eredas thesumof

-.

fourindividualheatlosses,or
..

,.
,

..
Cpql”+q=’+qs’+%, .

.
(1)

where

m heatlossdue to forcedconvection
--

... ..
%? heatlossdu~to”mapotitipnof the~pingi~ water

& heatlossdueto”w”armingoftheimpingingwater .

% he”atlossduetoradiationto thesurrounding~tmosyhere

Eachoftheseindividualheatfluws

Heat.LossDueto

Theequationforthe’heatloss

willbe analyzed.
.—

Convection
.

due-toconvection,including
theeffect.-ofkineticheating,iswritten

—

q. = I-l(ts-to-Atka)
—.

(2)

where
*

----

(3)

. —
.,.



-7? , .- -,.=- -.---”-4—

.

8
=.—, : -- ”;.”

NACA~ NO.143h

Equation(3)isobtainedfromreferencefl5
thattherecovery factorr equalsP&is

or 6 whichalsostute
forturbulentflow.

Thefirsttermofequation(3)representstheadicbatic
heatingorcoolingof theairjustoutsidetheboundarylaym?
causedby thechangeinvelocityfrom U. -tou~. Thesr3c0nd
te~ oft% eqmtionrepresentstheheatingoftheatr Which00GUS
as thevelocityisreducedfrom U1 to zero.“Equation(3)cm be
approxhnntedby thesimplurform

,—

(4)
-. ..— .-

Severalequationsforcalc@atingthecoefficientofconv@i.ve
heattransferh“frtia flatplatehavebem developed,anda
caparlsonoftheseequationshasteenmade$11refm?er.cGT? Fora
turbulentboundarylayer,thegeneralformofthecoefficientWS
presentedm .—

. . ~=

UL7GP
h=.00@g6x 36OO (51

“w

Followfngthepresentationofequation(s)inreferenco7,various
specificformsoftheequationare.deriyadby expressingthe
propertiesofairasa functionoftheaverciwt@m?ez~~u~ofth~
airintheboundarylqyer. The Coofficlcmtat my ait3*~c& s fraa
thelea[iirgedgeofa fbt plate3--fortheregionofturbulentfhw~
i~gfvenaa

-.. L–. . ‘n

.—.—

c) 0.5
h = 0.51Tav0*3-#& (6) —.

>..=-.-:=
.—. ..—.where

TC.v e,voragetemperatureintheboun~y layer
,.-.—

U1 velocityoutsidetheboundarylayarat distances from
theledingedge :=

—

Foru turbulentboundarylayeroxixmdingfrom S=O to
6=1 ona-flatplate,theaveragecoefficientispresentedas

.ti.- ..0,8
h=

()
,0.64TavOgsa~o.e5

.b:-
: :.

. . .
:.

. .

.-
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Asmentioned

9
..

.,...” .

preciously,themaximumrateofevaporation. .
occurswhenthesurfaceisfullywetted.Sincethisconiiitioh
req,uiresthe~ximumheatsupply*O maintaina givensurface
temperature,itischosenfordesign.In orderto establishthe
minimumheatrequiremehttopremmtfreezifigof thewateronthe
windshield,it isassumedthatEnzffj.cientheatwillbe suppliedto
maintainthetemperatureofthewindshieldmrfacemd thp,,w.gter.
thereonat 32°j?.Sincewaterrunbackfromtheheate@.rh&hield
ar8ais oflittleconsequence,.noeffort-isrMLqto evapo~a+e”ali’
thewaterinterce-ptsd by the windshield;sucha requirementwould
imposean exorbitantheattn~loadin scxgecases.,- .-

Usingtheequationso#’reference5 and.thesymbolsof this
reTorttherate~fheatlossdpe

%?= 0.622”h

to cvaporctlonis .
..

(8)

HeatLossDuetoWarmingtheImpingingWater

Reference5 givesthebasicequationforthedissipationof
heatto thewaterthatisinterceptedby thewindshield,buta
kineticheatingtermisaddedinthis-”report“sincethe10SBof
energyby thewaterdropletsaspumesan appr~cia.blevalueat
airspeedsof 300milesperhourorgreater.

q=. Kch (ta–to-4t~)

where (9)
U02 _ 2

‘t% = ()
0.198 *

2gJc% 100., ,.
. . .
and ~ istheaverageweipjhtrato
areaofwindshieldand..isg“ivenby

“..

of”’water.impingementyerunit....

Sfncethestre@ineqan~C&Qptrajectoriesforvarioustypes
ofwindshieldsarenotnowavalla%leto calculatotheefficiencyof –
waterimpingementq, dataforspheresorflatribbonsoanbe
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utilizedtogiveapproximatefzwplngementvalues.Curvef3presmthg
efficienciesofwaterimpingementforcylir.ders,spheres,and
ribbons.~regivenInreferencek togGth~rwitha discussionof
theiruse. .. .-

.. .-, : ..”-.. .:

I&atLosshe ToRadiation,”
.

Theheat103sduetoradiationfromthe,windshfeldsurfacetm
thesurroundingatmosphereisu~ual,lyo?,smE&Lmagnitude.Itcan
be calculatedfromtheStefa.n-Boltzmaneq~tfon:.,. .,.-

.=
.: “%.. ‘-‘. [(L-y:+j]’ ““(11)= Q.173E,. . ..-

. ..

., &.mmatiionofEeat

Ccmbiningequations(1)to (11),
dissipationofh~atfrmma windshield
icingmayhewritten..

. .. .

rJo~~e8

thecompletee~uationforthe
swfacoin conditionof

l.. r)q=h t-8-tO-0.832r ~ 27
()

I + o.622hLs ~. . 100 . J CpP.. ,
.,

. ..—-.
(12)

Forflightspeedsunderapproximately200milesperhour,
equation(12)maybe simplifiedby neglectingtheheat10SSdueto
radiationandthekineticheati~.oftheimpingingmtem,Regrouping
thetermsto segregatetheprimaryheatlosseg,whicharedueto
convectiveheattransferandevaporation,fromtheSOCCXXICU?Yeffects
ofheatingtheimpingingwaterandkineticheatingof?theair,eqm-
tion(12)becomes

--

.. fT.J 2. =bX(Q+to} + M(t#O) -o.8j2 @ ~.q -. { -
)LcQ/

(13)
..-. .. —.

. . .- >-..’
, . -i- i
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where

. .. .
.,

..,“
,. ... . ()“‘,”;Oo622L~e~-eo.

x= l+--
Cp’Po ts-to

A similargroupingwssusedinreferences5 and8.

. .

(14)’

-4, . .

.-

DESCRII?TIONOFAPPARATUS ,.

Theresearchreportedhereinwasconductedinflightusinga
C-u cal?goairplane(reference3)modifl.edto incorporateanNAM - “.
thermalice-pre~entibnsystemwhichgermittedcontinuous.operation
innaturalicingconditions.Theairplaneis showninfigure1 as “
equippedforthewinterof19!E--Q6Sandinfigure!2as oyera.tedin
thewinterof1946--47. ..

Meteorologicalequipmentwasinsttiledtomeasurethefree- .
stream airtempera.tqreandthewateydropsize”,drop-size
distribution,andliquidwatercontentinici~ng”clouds.A shielded”
thermocoupleconnectedtoa mlllivoltmeterwasusedtomeasurethe “
airtemperature.Rotatingcylindersofdifferentdiameters,
mountedcaudallyona singleshaft,wereused to determinethe
liquidwatercontent,dropsize,anddro~ize distributions.‘I!ie
maximumdropsizewasdetermined,frcmtheareaofwateri@ingemen.%-
ona single,nonrotatingoylinder,A detaileddescriptionofthe
meteoiologioalinstruments,theiruse,andtfiioalmeteor”dlogice.1
dataobtiined,arepresentedinreference9.

.-
.

InternallyHeatedWindshields

<Wee generalty=pesofafrcraftwhdshieldsweretestedto
providefundamentalheat-transferdata: flabplate,flush,and
T-typewindshields>Thefirsttwotypesweretestedduringthe
1945-4.6ope~tionsandthethirdduringthe1946-47operations.
Eachwindshield-paneltestsectionwasheatedly electricalpower,
andtheinstall&ionsareshownin”figw?es3,4,ands.

Flat-platewlndshield.-Thi3installationwasintendedto supply
heat-transferdatafortwo--dimensionalfloWovera flaty~tk inclined
at dl.fferentanglesto theairstream.Ztwasctmsideredthatthe
datawouldbe applicabletothedosigroffla%panewindtihieldssuch
as thosecommon-infighterandtranspartaircraft.T& testpanel

.-

#

—
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wa:ilocatedonthertghts~deofthofuselageof theairplaneas shown
i~ figure3..Thcpanelwasmountedin eucha mannerthattim.mglo
“~~~~e~nit~~urfaceandther~lati~~.wfnddirectioncofidhe ~i@O
I?rovisionwasmadetofixth=pcnelinoneofthreepositions;30°,
47°,and60°,mecxmre&frcmthetangentto the~ela~ at theh~~
line,

Theover-allsizrfac~dfmcnsion~oftheflatplatowore13by
18 inches,andoftlclsar~a13by 16.5i.ncheti,or1.49 squaro foot,
werouniformlyheated.TIMheatingeb.umntowere thinmetalribbons,
andwerecapableofdi~ipating2500Etuperhourpersq!m.refoot of
Wnel mr%ce whencqnneotedina 2&voltcircuit.F& thebaeoof
thepa~lelja l/2-in.ch&oet offcbric-kminatedplasticwasused,
Theheatingribbonswerecementedto thifibaseandthena ~/64-inch-
thicksheetof,~mil~tod@a3ticwcmcementedontopto.presenta
smooth,electricallyimnilated:iurfaceto theairstream.Contxcill.y
loc~tedinthebcwe”matimia~.wuuc &.>inch.-squr..reheatmeter
(calibrntodthermopile,reference10),l/@!.--incthiok,ok,tomeasure .
heatflownwayYrcm tho,te~tmr~aco. Electricalpoworwassupplied
fromanalterr,atorthrou@la 120/2bv,oIttransfomner,andthe
vo~.tageimprasaedonthe%at aectia:wazcontrolledbymGLUMofa
-bo~?ile rhaostet.

Temperaturescm thesurtace OITthefht plat&were.measur~a%
10pointsby izm=onstantanthmmoc6u-p~es:wh2ch wtire O.O~:im.ch
thick.Thethermocoupl.eswe,ro.rocesacd.ingr.aove.s0*’003.inchdeep
inthe],/6Linc&platittcoutmr~heet;a&@,@~~r.junctionslocatedas
shownby figure6. ‘RIeoutersurfeoe”wca-,thinly~intedtoprovide
a smoothm.u?f%cmand‘toprotectthethermocouples.Additional
thermoccuple~werelocatedonthebacksurfaceofthe-plateandat
theheatmeter.

Allt%mperatmroswororecordedby a se,~-balancingautrxstf,e
record.ing potentiometerWth w estkted pve~ll aCCVUXLCYofks”F.
Thisdeflreeofaccuracywastidepossibleby the.provisionofseveral
calibrationthermocouples,withtemperature=knownto~l”F, aua
oheckontherecordingpotentiometer.!Rm?.potentidoftheheat
meterwa13determinedmanuallywithcm additional~otentl.omster.BY
measuringthetemperatureat theheattie-te~;-~naccuracyof
measwem&ltof heatlo~ses

Forthedoterminatlon
incloamair,conventional
pressureswere&eoordadby

+0*1Opercentw& pOSHiblf3~-. .

oftheboundary-lcywr-mlocityprofile
-pres~~~r~e~swere‘~ti~~~ed~ndthe
photograp~inga uunometerlmzrd.
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Iceformationsonthepanelwerophotographedwitha
16-milli?netercinematiccamerawhichwasremotelycontrolled.!Ihe
c-erawaslocatedwithinthef%sekgeshout3 feetforwardofth~
flat-platepanel,.andwaafitted@_tha ~“ anglelenswhich
protrudedintothe%lis%ershowninfigure3. I

Flushwindshield.-~is.~ipdshieliiwasin@&ll@ flushinthe
copilot’spanelwhich,at that-time(19496),wasflushwiththe
fusedsgecontours.(Seef@s. 3 andk.) Thetestsurfacewas
almostsquare,though_slightlycurved,andcoveredan areaof
1.16squarefeet. Constiction”of%hepanelconsistedofthree
sheetsofglassbondedtogetherwithsheetsof ~laqtfc;H@.ting -
elementsofveryfip.e~esi~tancewireswere-itiedde~’betwea“tie .
outerglasslayerandtheplaat:ainner layer. Thesewiueswsre
0.0012inchin”diameterandspaced0~6inchapart.Thepanelwasa
commercialproductand.wsdesignedfor,a wximum”heatdiasixtion”
of1000Btuperhourper.squarefoot..Pmie$wassuppliedby direc+%-
currentgenerators&xltheimpressedvoltagewasvaried.witha
rheostat.ThermocouplesO.O@-inch-thickwerecemented.totheiniier
andoutersurfacesofthetest,areaandcoveredwithclearspar
varnish. me locationsofthethermocouple@nctionsarq~h~- in
figure6. ,.

Icefo~tfonswerephotographedwitha boxcsmeraha&g flash
attachmentandlocatedinthepi.lotfscompartment.Temperatures
andboundary-layer-rakepressureswererecordedby thea ins”%
mentsusedfortheflat-platewindshield..

.V–tym6windshield.-
—

Forthe194&47operationstheflushwin&-
I shieldswere.replacedby theV—typewtndshioldshowninfigure5.

Thewindshieldcenterpostwasslopedat an angleof57° (measured
fromthehorizontalduringcruisir~flight)andtheincludedangle
oftheV ~s 86°measuredin thehorizontalplane.The~almication
ofthepilotqsandcopilotf~panelswagidenticaland-cozxdstedof
threesheetsofgl.asgbondedtogether.withinter-posedsh3etsof “–
plastic(fig.7). Hes.~hgof thepanelsWEWattainedthrougha.

-..—

transparent, electricallyconductive&urfe,cecoatedon theouter
sheetofglassonthesurfaceadjacenk,to theplasticinnerlayer;
Thepanelswerea commercialproductamiwere=~h~e-of d~s~i~ting
2000Btuyerhourpersquarefoot.Jd_though-thepanelswere
trapezoidalIn shape,theheatedareawasrectangtilarwfththebua

-—

barsappliedthefull,lengthoftherectanglealor~“thetopand
bottomedgesto insme uniformityofheatdistribution(tig.7). TYM
heatedareaof ~cb panelwa3lb.~by 25,ipohesor2,52sQuLwefeet.
Pwer wassuppliedbyan altprr-torandthevoltagewascontrolled
witha variabletransformer.Thermocouples0.002-fr,c&thickwere”
cementedtotheinner~d outersurfac6sofbothwir.dshieldsavd

. _==_
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Locationsof thethermocoupleooveredwithclear“kparvanfsh.
&ctions areshti & figure6.

Tho%@xiphsoficeaccretionsontiewindshields
witha oamez%havi~ a ,g~chronlzedYlashattachment.
wererscordedinthesamemanneras dssctiibedforthe
windshield,

r
.- .-.

ExternalAir-Jleated.Windshields-.—
.,

. . .
were takerl
Temperalmres
flli&pIate

. .i. , =..’

~J.ushwlndshield,-T& originalwindshieldheatingsystem
installedintheM6 airplaneincluded.bothan internaldouble-
panelheatin~systemandan external~schargsheated-airheating
systemas disoussedinreferences3 and11? Theoriginalsystem.
wasm6difiedas ~howninfigure8 forthe1945--h6operatlona.The
inner heathgaystemwaaremoved,theheated-airdischargeslotfor
theoute~syetiemwa~decreasedtothree-sixteenthsinch,andthe ‘
extentofthedisohargeslotwasreducedtoa widthof1 footat
thebottomofthepilotrswindshield, startingat thecenter-post,
Theheatedairwassuppliedby exhaus~ heatexcha~gera,andthe
airflowratewasmeasuredwitha 4-inchventurimeter.A butterfly
valvewaeinstalledtocontrolthequantityofheatedairflowin~
framthedischargeslot.

‘Windshieldsurface.temperatureswere.meamredwiththiniron-
constan+~nthermocouplescementedto the’’glass,,andcovere~ with
several coataof sparvarnish.Ninethermocoupleswerelocatedon
theout~lide.surface”andthreewere~ocatedontheinsidemrface,
ae shown.infigure,6. Thermocoupleswerelocatedat theventuri
meterand’justInsidethedischargeslottomeasuretheheat~ir
temperatures.ho temperaturerakeswere”install.edonthewindshield
outersurfaceforthe”determinationofthe-temperatuz?eprofilein
theheated-air-jetina fewclear~irfligkts.Theseqake6conHistod
ofninethermocouplesat differ~theightsabovethewindshield
surfaceup to1-1/2inches.Allthermocoupleswerecormectedtoa
recordingpotentiometer,andtheestimatedover-allaccuracywas
aboutk3~F.

A pressurerakewasinstalledforthedeterminationofthe
heated-airjet--velocityprofilesinclea&airflight~.Therake
consistedof18pressureprobesmountedin theformofa triangular
prismwithi.t~-baseonthetindshiel~surface.Threeof the
pressureprobes.were,stati.ctubesap.dtheremaindert~tal-pressurfi
tubes. TkMmepressures”,alcmgwiththe~enturimeter.peseuro~,
wererecccciladby pho~aphing qnalcoholmanometerboard;

... .. ....
I , “. ‘ -“..&
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~0 methodswer.aen~loyedto.cbtainani&iioationofthe “
quantityof, heatflowfromthaefierp&jot.through’thewindshi~ld
intotk airplapca~ig.Thefirstmeth@.conslatedofthoc@cuLL-
tion6ftheheatflowbased.onthegmasUrOdtunperatur.e.difference
betweenthewindshieldsurfacesand,theh- thermalconductivity
ofthewindchl,eldmaterials.In add~ttonto.thiecalcul~tion,a
4.>trmh-aquo.reheatmeterwa~loc4@d.onthe,innensuxfaceas shown
by figure8. %9 pote~tialacrosstheheattietarwasr-~.byan
indicatingpotentiometer.T@,estimatodaccuracyoftheh6atflow.~.
as determinedwiththeheat-meterins+~lltitionisapproximately .
A15percent.

V-t,ymewindshield<-Forthe191&lf7operationswiththeV-tYPe
windshield,one~/16-iocho@~rnal”dl.schargeslotwaslocated&long
thebottomedgeofthepilot?swir,dshieldati.danotheraIon~the
centerpostbatwcenthewtnd.ghieldswiththeheatedairdirected
overthepilot’swindsla~.eld..Eachslot”wesl-footinlength.*e
Uinchveziturimeterwasreplacedby two~ind venturimetei~.
equipyed.wltfithempocouplez.Zomc.as~sth~jflowrateindWendentlY
to the~o separatedischar@””elotsoverthepilot?swindshield.‘.
The-air-flowrateto @lj slotcouldbe adjustedindependently
althougha “oert@i~.tiovntof interde~encl~nceexistedzeinceboth
slotsreceivedairFrom’thewqnesburce,ofsupply.A boosterblower
wasinstalled”’fnWe mzin3up@y d.uotto increasethetotalq~ntity
ofheatedair”availableto t$cslot~. ..

., —
Thefabricationazzdlocationofthermocouplesinstalledon.the

pilotlspafi”elweredescribed:Qtheprecedingdescriptionofthe
V-typewindshields.Inadditionto thf?th&moccuplesonthewind.--
shieldsurface,.fo~thermocoupleswere.inutall.edjustinsidethe
cente~postdischargeslot$andsixthermocoupleswerelocatedjust
insidethe.dotmatthebottomofthe”pilot’swindshield.~ese
thermoco@leswerelocatedsoas tomeasure”theheatetiir
temperaturejustbeforetheairwasdischargedfrcmthealots,A
self-balancingpotenti~terwasusedtorecordthetemperatures..

Theproseuredifferentidmat thovent-primeterswereindicated
by standar$&ifferentialpressuregagesand recorded bY d s~nhrd ,.
NACA60-cellrecording&nometor.

.. .- r-
\

.. . TESTFROCEIXJRE .*. . ..
The, clear—air&lightswereconductedat the.kqesAeronautical

hboratory,MoffettFi.el.djCalif. “In.tiecaseoftheiCing”flitS,
theLaboratoryservedasa nmi~baseandoyeratiansin seafichoT

.
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ioingconditimmwereconductedomm?a considerablearea of’-the
UnitetSti.tgs.The1945-46operations,consistingofover40
flights;wereconductedmaiplyinthe”~cificNorthwestand.North
CentralStates.!Ihe19k@7 operationsincludedthissamearea
and,inaddition,someicingconditionswereencounteredinthe
CentralSouthernstates... .

Theflightsinclearairweremadeto checkor modiw the
theoreticalequationsforconvectiveheaktransfer‘coefficients
andtomeasurethedegreeofkineticheatingmperlencedby the
windshields.

,.
IchgFli@ta”

.“
Thete8tproceduresemploy&dwereSubstantiallythee= for

eachtelstwindshield.Therefore,th-efollowingdiecusbionappllea
totheoperationsof’bothwinters.Whenicing conditions were
anticipated,thewindshieldpxwr wasturnedon or,inthecase
oftheheqtw~ir jet,‘thevalveeworeopened,Beforeentering
theicingcondition,theheattothewindshieldswasadjus&dtoa “
eettinggreaterthantheoxpect~”requirements..After a wtabiliz=
tionperiodof severalminutesthe.recordinginstrumentwerestarted”
andtheuloud,wasentered,Afterthecm.pletionofonerun,ifno
iceformed,the-heatsupplywouldbe decreasedandtheequipment
allowedto stabilizefor10tinutesbef’orethenextsetofdatawas
taken.Theheatinputtoeachwindshieldwasreducedinthism$mner
toappoximatilythemird..gummountrequi&edtokebptheheated
surfacefreeof“iceaccretions.l?orthepllot~sandcopilot~swind-
~hields,thevalueofminimumheatrequiredwasest.ablished”hy
visualobservation”ofthestartof-ioeaccretionsonthewindshields.
Sincethesurfaceofthefla&@latepanelcouldnotbe observedby
thewindshieldengineer,theoute~surfacetemperatureswero
regulatedby changingtheheatinputsothatthelowesttemperature
wouldbe du~tabovefreezing.

‘I!hepilotsalwaysmadoanattempttoholdthealtitudeand
airspeed..constantduringa specifictestmm, butse%ereturbulonoe
eometimesmadethisimpossible.The-durationofa testrunvaried
froma fewminutesin the topofa cumuluscloudto severalhours
inan extensivestratuslayer.Fora fewruneintheanmllercloud
formations,the-airplanewasflowhina circleinorderto remain in
theclcucllongenoughto obtainu completeset~eorological and
heat-transferdata.Noneof thislatter-typeofda~has”been
presented.unlesstheconditionswerefairlystableforat least.
5 minuteeafteran equlpnent-heatingstabilization”pdrlodof10
minute3,. -

:-.- .:.
::” 4
,.--! :!. . .,

— — .—--—
.

-=. ... .. -
...--=

.

.-
.-

----- —
.+. -..-~
. ..—

-.
..=

.---- --—

.

—

I



.

.

.

17

Inadditiontothefl@~ andmeteorologicalconditions,a
continuousrecordwaskeptofthefollcswingwindshielddata: heat
supplied,inner-andouter-surfacetemperatuzzes,photographsof ice
fornatlons,andtheheatlossesinwardas indicatedby heatmeters.

.- —

ClearAir.,Tests

Clea~ir flightswereconductedin levelfjightatvarious
altitudesandairspeedsto covertheconditionsencounteredduring
theicinaoperations.me testfliglhtsweremadein.adirectiip
awayfromthesuntomin~~zethe”eff+ctsof 3olarradiation.

—.

First,flightdataweretakenwithoutmy Wowersupyliedto
thewindshields.Bymeasuzzl~thesurface-tempera@rerisea~ove
fre~treamtemperaturea basisi’qsesta.1.3Q.shodforcomparison
l)etweentheigdicatedrecdveryfactorofequ&ti.oii“(4),andthe
tineoreticalvalue Pr~~3 ~orturbulent,f,low.

A checkforpossiblesignificantedgelosseswaemadeby varying
theheatsuppliedto thewindshieldpanels while flmng at a constant
airspeedandaltltude.Anyvarianceinwe c@cu@ted.e+erna~hea%
transfercoefficientaftercorrectionforinwardheatLosseswasan
i@icationoftheedgeIoeses,sincetheeffectof changesOf
temperaturein theboundarylayerontheheat-transfercoefficient
canbe considerednegligiblefor thetemperaturera~es cti-cerned.

Forseveralairspeedsanda.ltltudes,heatwassuppliedto tie
windshieldpanelswhilethetemperatures,-heatlo~kes,a.nd.velocities
wererecorded.Thesedatawerenecessaryfortheexper~elital
determinationof theconvectiveheat+transfercoefficienth, and
thoestxiblishmentofeffectivevaluesas s or z (equations.
ami (~)). ...— .

..,.).
Duringtheckar-.&irflightsafterthe194546o~erations,a

surveyoftheboundarylayerat thecenteroffeachtestwindshield
wasmadewitha pressurerake. The@ta wereused.todeterminethe
boundary-layerthickness-andiihe’varianceofthelom.z>.velcfcity
outsidetheboundarykyer withchangesinairplaneyelocity.‘Both
pressureandtemperatureboundary-layersurveyswererideinthe
heatetiirjetover theflushwindshieldinstallation.

——
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~nte’1%.llyHeatedWlndslatel~

kcal airvelocitiesandconvectiveheat-tzansfercoefficients.-
lhevalueaofl&al airvelocity‘fistoutsidetheboundarylayerat
thecenterof.thefla~pl.atepanelandtheflushwindshieldare
presented in figure.9forvtiiousairplanespeedsandaltitudes.In
figures10,11,and.12the,,convectfveheaktransfercoefflcionti,
basedonthemeasuredsurfacetemperatureat thecenteroftheflat-
plateandtheknownheatflow,arepresented:“me coefficientsforthe
flushy~el arenotpres~tedbecauseofdifflculttesexperienced
withthemeasurementofthe.surfac”etemperature,In theczweof the
V-typewindshieldonlya fewvaluesoftheheat-transfercoefficient
obt&ir.edinclearair-areav@_able.“!)hso-dataweres~mred
betweentheicingencountersand,sincethedatawererecordedat
differentflights.ltitudes,theydonotforma satisfactorybaels
forcurveplottinginthesame~nner as figzires10,Xl.,and124
ThisfnfOfmatioriispresentedinthefolldwingtable:

4..

!&St PresSW. True Fre_ir W~~h&ld [Bt&br,
no. altitude,alrapeed temperature SqXt,

(ft) (mph) (°F) t~~~~tme ~%)

1 12,C)oo ~78 20 73 23,4
2 10,800 200 18 65 28.5

9,8Q0 174 39 73 23.0
; 7,800 175 30 66 26.3
5 6,000 170 35 70 25.2

. -_.. .

.-. .=--
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~teorolwicalandheat-transferdatadurinaf.cimcondltione.-
!lkblesI andII_presentthemeteorologicaldataforthetwowlnter~s
operations whichhavebeenselectedfordiscussion in thisreport.
Thes6datarepresentonlya smallportionofthemeteorological
informationrecorded,buthave~een’selectedas thetestswhich
supplythehostsatisfactorycmibihationofsimultaneous“meteorol-
ogicalandwindsh#eldheat-transferdata.A ccmplete~bulation
ofallthe”meteorologio~dataobtainedin the194N6 opo~tions
ispresentedinreference9,whichalsofnclu~esa detailed .
discussionoftheproceduresamployedtoobtainthetestresults. ._x .-gt ., .+.,...,. --*-.>~<.=. 3..,:” -
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Therotating%ylindermethodutilfzedto measuretheliquidwater
content.andmean-effectivedro~i.zevalues,presentedintablesI
andII,protideda La@muteaveyageoftheicingconditi-ens,Since
thiswasthe~imeof exposureofthecylind.ers~~Thewindshield
hea%transferdatarequj.redabout‘ 2 minutestorecordandthe
rotatingcylinderswereexposedat acmethe duringthatinterval.
Themeteorologicaldataoficingconditions4,5,and6 oftableI
wereobtainedpriorto.theinstallation’oftherotatingcylinders,
hencethemaxiammdrop-sizerangeencounteredduringthehea%
transfertestintervalispresented.

!Ihehea~traneferdataforallthreeoftheinternallyheated
windshieldsin conditionsot icingarepresentedin table ~i “--All
theh~t.flowvaluespresentedinthetabledonotrepresentthe.:
minimumrequirementforme particularicingcondition,sincecases
forwhi,cheatisfac$orymeteorologicalandheat+transferdata’’were
obtainedtogetherdidnotalwaysoccurat theminimunivalueofheat
flow.The smfacetamperattie~“@esenkedintableIIIare-the”
arithI@tiOdaverageoftherecordedvaluesfortheseveralthetie -
couplesonthesurfaces,Z’holographsandeketchessh6wingtheice
accretionsontheheate~windshieldsandsurroundingwrf&cesfor
severalofthecqnd~tionsencoun’t~edarepre~entedinfigtci?e13
to !23. . . . .

,

ExternalDischargeWindshields
.

.-..

TemperatureandvelocityRradients.-Thetemperaturesofthe
windshieldstiaceat variousdistancesfromtheheate&airdischarge
slotfortheflushwinds~leldinstallationareshcx&infigure24.
Thetemperatureandvelocitygradientsinthejetforthpssmm
windshieldinstallationarepresentedinfigures25, and26.

Icingt&ts.-TbbleIVpresentsthewindshield(flush)surface
temperaturesmeas~edLuringoperationortheex%ernalMscharge

.

Jetin icingccmditions.An indicationoftheit-preventionaction
oftheexternaldischarge,jekfortbeflushwindshieldinstallation
canbe seeninfigure15. Theeffe~t.ofthe~-typewindshield.
externaljet(pilotlssideofwindsh~eld)is ~howninfigure20. The
incompleteremovaloficeaccretionss@wn inthisfigurewagtypical —

.

lMe~ffect$vedroTsizefora cloudsampleisdefinedas the
diameterofa waterdropforwhichtheamountofwater”existi~-in
waterdro’pslargerthant-hatdr~ equalsthesammt ofwaterindrops
emall&tharthedro~. .-a.
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of’th.~.opsrationof’theexternaldischargesystemofitheV:type~.
wiudshieldc“Thetmn~.ra.ttuw.I.imi&tionsof“thewfndahiold.panel; “
preclu~ the,vsa.ofadditionalheatedairinanattempttora.iovo
theroaz.dudaccretfo~s.. . . - .:.-’

.,,. .’.. .. I
,.,.- :.. .,-

.. DISCI.i3Si&~ . . :-
.. -:

:.~edictionoTEeatt-ng’Rcquti~ent for
InternallyE=tsdWindshield~ ....

Sj@e@e y!e+in:objectivoofthis-report.istoestablish
fumlamontaideei.gneqmtioxmforthecalculationofwindshieldheat‘
requ~rementwinffpecifiedicingconditiotis,equation(13) will.be
di~cu,s~ledin thelightofthe:testdatato.obtablishitausd’ulnea~
~ort~~spurpose,Theappllc@ilityoi’thisequationfortho . .
dc’ce@nati.onofheati~requirementscan%estbe evaluatedbya
cornpari,sonofcalsulat@andmaagurad.valuesofheatPltiframthe
windshieldmrfaco,forthesamem.@aca”temperature,andfor
specifibd.fljght.andiCiZ_??GOnditi,Ons.Baforomch calculations
canbezkde,however,meansmustbe .mtablinhed~orthedtiterriina-
tionoftwocomponentsof’equation; namely,.thocontcctivc
heat-transfercoef~ioienizh andtheweight-rateofWaterimphgoment
M. Conoequontlythefollowingdiscussionconsidersfirstthe
utilizationoftheflight-testdatatoestablishmoms fortho
evaluat~.onof h and M witha degreo‘afaocuracysuttablefor
d.eEignpurpoae3. Althoughthemethodsdiscussedaredirectly
applicabletothetestwhishieldsofthisrep.o~tyan:effort*@s
madetogeneraJ.fzethGteGhniqueinorder.toprovidea design ..
procedureappljcableto otherccwffigurationsandicing”flight
conditions,f-

~@iOn”gf,t/h+3 COT.VeCtiV@heat.-~n~f’,rCQf&iCie .@ fin t.- In the
detcrmln!Ltionotthevalueof theconvecti~eheat-transfercoeffi-
tier.th, Wa pevtinmtquestionISth~suitabilityofequation(6)
forthecalculationofthecoefficient.A comparisonofmeasured
and.congm.tedvalues“ofthoconvectiveheat-tramfercoefficienth
forthecutersurfaceOfthethreeInttzrnallyh~ted &st wind-
shlel@thereforewillbemade.

Considcrir&fir~ttheGvaluation”ofh forYlat-plate,pnels,.
f~gures’27,.28,anif29prksezit akxn-partson of the mam.zredvaluem
of h at each,p~nel.apgleandatvariousaltitude~andatrspeeds,
withvalues-’calculatedby eq~tion(6). ‘Ihectivmrepresentingthf3
measuredvalue8of h havebeentaken,fromfigures10,11,and12.
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Equation(6)isusedforcomparisonratherthanequation(7),since
ithaBbeenderivedScmthepurposeofcalculatingthecoefficient
at a givenTointonthesurfaceandtheted titsa>-~iy-tothec&ter-
of eachpanel.ThevaluesofU1 usedin equation(6)forthe”‘
calculationofthecoefficientspresentedinSi.gures27>~8,and29
werethelocalvelocitiesat thecenterof thepanelas gi~enin
figure9. Thovaluesof s wereusedin the-calculationsSz
representingthedistancefromthepane-lhir~eto thecenterof
theWnel, and S2 thedistancefromthecenterofthepanel to
thesbgnationpointat thenoseofthe,airplanefukelage. ‘– .

.-
InthecaseoftheV-typewindshield,thecalculatedvalues

of’h fromequation(6)arecomparedwiththetestvaluee(see
tablepresentedinResults)In the-following‘able:.

Item
no.

h“ h calculated,(equation(6)1
measured 81= 0.67ftI S2 = 5.0 ft

22..3 29,,1 “’ 19*5
25.9 33.2 ‘2!2.1
20.8 29.6 ,“ 19,8
24.0 32.4 21.6
22,7 33.1 22.1

In thecomputationof h by equation(6)thavalueofthelocal
velocityoverthewindshieldwasriot~uwo andherketheairplane
velocitywasused.

An examinationoffigures27,28,and29andtheta~lejust
presentetti:dicatesthattheueeof equation(6)providesreasonably
accuratevaluesoftheconvectiveheat-transfercoefficlen~at the
centerofthetestwir.dshidds.Intermingtheaccuracyofeq~
tfon(6)as “reasonable,”conslderatiorthasbeengivento thefact
thatno dataotherthanthelengthandl~cationofthepanelandthe
localvelocitywereemployedandthoagreementis consideredreasona-
ble forsuchan approximation.A moree=ct deta’minationofthe
valueof h wouldrequ~r~theapplicatiofiof samcwhr.tlengthycomputa-
tionmethodstomeasuredvaluesof theboundary-layerprofilajor
theinstallationofa heatingplateinthe.windshieldsurfaceandthe
procurementofactualtestdata. @o disadv&ta@sOftheseMO13nS
mustbe’weighed’againsttheinaccuracyofthegeneralapplicationof
eqyation(6)indeterm@ingthemethodthatwillbo cm~loyedto
evaluateh inanyfuturedesigncanputatio~x-~”Theagrmment
shownInfigures27,28j and29betweentheme-a-suretivaluesof h

.—

.
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andthevalueecomputedb3equation(6)isaboutthesam,
irreapfitiveofthevalueof s enqloyed.Inmostinotancgs
thetwoccmrputedcurvesbrackettheexper+~ntalcurve,wj.ththe
lower. viilue of s providingthelargervaluesof h. Fordes~gn
purposestheuseofthelowervalusof s shouldprowlde~ut=
transfercoefficients whichwouldprobably%e s.omwk~i”larger
thanthetruecase,butwould”b.econsenative.

[hespecingof the .katingwiresintheflushW.ndelhlelti
(O.6 $n,.betweenwires)resultedinconeiderehlenon~~;f~ty ofi
thesurfacetemperatu?%.aa canbe obse”rved“inthe””ice–-removalphot-
graphs(fig.15). As a resulttheattempk.toca.lo@atethe
convectiveheat-trans~er”coef’ficientf.br.th~surfacebagq$on.t.%
measuredheatflow‘andmzr~ace-tempera”tureriseproducedquostlom-
ableEnderraticvalues.(!cnmequentlya c&parism ofzzcamredand
computedva.luckof””h fort% flushwi”tishieldhasnotbeen~:reoon~.

Inem attempttoestablightheaccuracyofequation(13}for
thepredic*ionoftheheatrequirenmnt,itisdesim.bletoutillzo
themc,staccuratoave.il~.blevaluesofthe.m-:ouocomponon%sof bho
equatian.Thusalthoughthefore~oingc1iscussionindica%sthat
equati.on(6)providesreaeona.blyaccvratzir+~u.gq .qf h (whichcan
be usedwhenmoreprec3semetbodsarsnetavallabtiq-azm
c-onstderedtoobo?rpljcatedforthedegreeofc~curacyd.effirod),e
moreaccuratede-kmmhationof h wouldbe de~irub10forusewh?10
checkfngthe&nera.1equation.Onopuesiblesolutionwwfldhe to
utiliz> the%st valuesobtainedinclearair,butthiseys+~mhns
thedis”advanta@ofinfloxibili~nocc&rro~pmdingcleaair
dataWSVGnotavailableforalltheicing%ats. !llbeclhernative
employedwastodeterminethe‘iue of H in equation(6)which
wcmldprwidethebeataveragaagreement.betweonc.alculatmland
nmamxredvaluesof h forthotostran@ ofairspeedsand.altitudog.

Thedeterminationofan averages forthecase& theflat--
plateye,nblatananglmof45°willbe usedasan exampleofthe
procedurefollowed.Infigure.=, U?test?@cts&% plo”Lto&aa
measuredvaluesof h. Thedatacor~%,spondingtoeaohti~stpoint
(h,T, U, andy) wereinsertedinequation(6)andthevnim of -a
computedforeachpoint.Thearithmeticalavor%weof thel?Va3--W
of’8 wascalculatedtoba1.69feet.F~”’~ ~bor~mtl onOf tdle
valuec)fh at thecenterof theflatiplatbpexmlwhenset at k>”
fo~- dif’i’~rentvelocities andaltitudes,equation(6)bec~s:

.
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‘results:... ;.. .. .
,,.,.,,, ” “.
,?,

.Paijel&gle =.~QO,

..

7.-t~’,&nd@iield:
..-’ .

s -=1.26
.,”, .

1

aligles”of theflat-“
tie fd.lowlm~ :

... ,. --- .. . ,,. “.. .. . .,. . ,.,
. ...,,

..
-,- ... ... .

:, ,-- ,.. ..,. .,. ,,: ,. ,. .. .-.—.- ,----

S = 0.3?.foot, “aid h = 0.62 ~#+3 (UZY)UY8..(16) ‘- - ‘
. .

$.-. .--+.. . -.. .— -.

e = 1.93 feet,andh = 0.@ TavJ“3:fuq:”% (17)
,.. . ‘.:-- -:—. ,.-,—,— r:

., . . .. .. -..”. . ..?-
... .. .._’....--.,.

fee%,,andh = O.hlTa~0*3(Uoy.)oda.-..,’. .:..{28)
,. .. . . .. .>’.-’-

------.7,..:,... ...----.

isa p~oble?nregardingwhich‘varylittle@for&tion1s’“a&ildblb.7 “‘
Thernost recentendt3&.ensi.wtreatnentofwater--@optrajector$es

R aroundseveralgeneralizedobjectsZsp~”fientedinyeferenbe-:k; Thi%
invest@ationwasundertakenprimarflytoprovide’“atithed.~&’ “”‘“.
estinatingtherateofwaterimp~ngemmtonamairfoflaid,thei%—‘
fore,.mdstOfl-thereportconcernstheinterceptionof“titertiops-
by cylinderswhich&e assumedtorep~esentt~ Porkrdsgctionof
thevarious..airfoils...Sometra~ectorytalcU1.ationa,”howeve~,are “:
preeen.tedforthecasesofa ribbon(flatplateyormalto “tile- .
directi.onbfairflow).and,a“sphere.Thesecalculationsme”used “.~—
inthisreportto-pr~dict.therat6ofwaterimp-ingen!!ntod”theflat--
ylatipanel“(ribbon) and theflushwindshield(sphere).. “ “ - .“,. ..

Con~ideringfir~tthecaseortheflat-pla.tepanel,the “
aosumptionwasmadethattherateofwaterimpingetinton“thepzuiel.
wouldbe equa].totherateof impingenmntonthoprojectcdareaof
thepanelco~ideredas one-halfofa ribbon.(Seefig.39.) The
effiaiency ofwatertmpfingementT,andthe”weight-rateofwatir -
imping3rk3ntw forvariousdropsizesHavobeescbmputed.Yor“t~“...
threopanelanglesat onefM@t conditionand@-epresented”in
tableV. It IHofinteresttonotethatfortiopditi$ersgreaf6r
than30microns,as tineparml@@ isreduced(=,1 becmniw.more‘“.
flushwi’tthefumlzige ) theimpingementefficienc~isitibk~~~u”d“but.”. . .
thewe$@t ratsofwaterintxmceptionisMctiezided.“.S2ncb“WS
latterqwtity istheitemof geateisi~ificanfie-frcma heqk
requiremm.tstandpoint,thedosirability oflowpanel&$&os iB .‘.-‘
ev3.den%,OptinranImnafitofthis%u3v_t..S&OiKi featureWrd.dk,_ “.. .. .“—.

—
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expected.tooccurwithflushwindshieldinstallations.Theflush
windshieldinthew46 airplaneduringthe1945-46winterprovided

—
. —

. . . .. ..—-...-. =.-

._

oonfimtitioninthisrespeit,sincew~ndshield-icingwasencountered
in only8 outof 30actualflightsiniofngclouds.Figure16 shcwm
thelac:koficea~cretionsontheflushwindshieldafter a,flightin
a cloudwhichproducedtheaccretionsshownon3/&inohrods located
justbelw thepilottsandcopilot~swintihields. _..—-,

A secondite~of interestwhichcanbe noted& tibleV isthe
factthatthemaximumcalculatedefficiencyofwater impingementis
&lpercent,andthiflvaluecorrespondstoexceedinglylarge&vops
foran icingcondition.~is resultis mmewhatsurprising,and
pos~iblyinerror,sinceItwouldappearthatthepresence of the
fus-slagg forward of the windshieldwouldcausea concentrationof
droTnnearthesurfaceandproduceimpingementefficiencyvaluesof
lar~ommgnitude,possiblygreaterthan100percerit,Someattempts
wsr~madetoobtainan indicationof therateofwaterImphgomenti
on theGJ.+6windshieldsduringtheopera~ior-~,butnothingsati-
factory:=r~eulted.

To obtainan estimationof M therate of water impingement
on theflushwindshieldforspecificdesZgnconditions,the
assmnptiionwasmadethattheimpingementwouldbe thesaawas that
ona porti~nofa spherehavinga diameterequalto_the&f~d..age
maximumdiameter.(Seef’ig.31,) Zhetinneri~whichthewate~
droptrajectorycalculationmethodfora spherepresentedin
reference k waeapp?.i.edto theconfigurationshowninfigure31is
discussedIndet.eilinAppendixA of thi~report.Thecalculated
rateofvaterimptnganenton ticflushtestpanel,tasedonthe
procedurediscussedinAppendixA, ispresentedtntableVZ for
variousdrop-sizediameters.Thesameflightconditionsemployed
fortheflat-platewaterinterceptioncalculations(tableV)were

...-

8

againassumedtoapply.

An intsrestfngconclusionresulting frcman inspeotlon,of
tableVZ isthat,fortheconditionspresented,dropdiameters
50microns are requiredin ordertoachievea valueof 8M of
sufficientmagmitudetopeachthetest”piil. ‘Rli.f3conclusion
ina~eemehtwiththeobservationsofwaterim~im?ementonthe

of

la

CM-flush windshieldinicingcontitions~!II&d&pe were obsened
to strikethe.wil?ds~eldonlyduringflightsforwhichthe
moteorologlcal&ataindi@tedthepresencoofmeaneffectlvadrop
sizeof30micronsindiqmeter,orlar~er.Thefactthattherato
of waterimpingementoqthqflush~nel aspresentedintableVI
decreaseswithincreaseddropsizeis theremzl,t of the asmmrption -
(AppendixA) thatthewaterisuniformlydistributedoverthearea ..+_*.=—<. .... ..- =:.-.-=-

~...~—------ —-....,.:=. . —---.. —.
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of impingement,andmmng thattheareaof impingementincrcmm~sat
a mororapidra% thanthew~ighi~ateofwaterimpingemnk.ml s
possibloeriro~inthevak~eof,theweightrateofwaterir:qizzggtint
isconsideredtohe of,negli~i%lenm~itu& InviewoftheSU
amo~t of.waterinvolved’for”thedro~ize rr.nge.assu?md.

“ EstablishmentofqNplicabilityofequetion(.13)forthe-.
pi-edictionofwindshieldheatingrequirements,- Theapplicability
of’equation(la)willnowbe Lmnonstma’todby a comparisonofcalculated
andmgasured”vqluo,sGfheatflowinconditionsof“iciggforthoflat-
plate,flush,andV–typowindshielfis.TTMassumptionsandmthbd of
calculationfollowedzwepresen+%d3.wAppendixB. To tllustrato””the
procedurearployccl,se.mploccd.m.d.ations.s.re presentedindstailfor
theflatplateandflushwindshieldforici~ condition6,tablesI
andIII. k illus%retivecalcuktionfortheV--t,ypewindshieldis
notincluded,si~~ theproc~dprafollowod~S itititicd to that
~lX@eIIhi fortheflat.-q]llteparml.

TIwcalculatedvalu~sQf hcmtf~owem cwparedwiththemmsured
valfHsfortheflat--plate,mu W-t~e inst<allaticxusin-tablesVH and
~11, respectively..!l?lmfs,ctthat~iecalculatedvaIuesor q are
lowerthemthemeusurodvaiue~.intabloVilmiihigherintableVIII
mi?.ybe attributed,inpz!r%,totheMffc.rentveiocitybasisused.for
thedeterminationof h h oo,chcase.Thgc~culatedvalues-in
tableVIIshouldhernoronearlycorrecteincethe“velocitye@@yed
wasiholocalvo~~city overthep.anol,whileinthecase“oftheW-type
win~shield(tableVIII)theairplcmespeedws&us~dsfncothelocal
velocityQvertinewindshieldwasnotkn.o~. ,“ - ..

T’bf6winstances@ whichicingoftheflushtestpanel
occurredprovidedveryMniiwddatafora comparisonofthocalculated
md nmasuredVSLUOS0$ theheatflow. Theonecashpresentedas””sn““”
illustrationin AppendixB representstheonlyrelj.abloda_ti,and
thecalculatedvduo =.s12percentgreatertkmnthe.mcporimntal
value● .. .

—

,“

Oneyossiblereasonforthelar~ disagreement,in so~ c~=es, -
betweenthewaaumd andc.dc-d.atodvaluesofhfiztflowmaybe ‘
traceablo@ theassumption,usedforallofthecdculatiqns,.th?.t
allthedropswereofthesanesize.Thecalculationoftheheat
flowfromthefktiplwtepanezforicingcondition12,table”VTT,
willbo usedto illustratetheihfluoncoofdiop-d.zedistributionon
theheatfloy. Thecolculatodvelueof390Btuperhour,squwe ““
footprosentodintatJ..eVII,icingconditionIP,MS b~~o~ona .-
uniformd.zzopsizoof19microns,Therotati~ylinderdata,howover,
indicateda &op-sizodistributiondofinmiastypoE inrefirencek.

-.
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!thbleIX”presentstheresultsofcalculatingtheweight-rateofwater .
imp.tr.ganmnton”theflat-platepanel, assumingthewater5P.thefree
streamexistsi.ndropsizqscorrespondingtodistributionE, 0??tkl.s
basi~theoriginalweight~-teofwater.impingement(1.91lbperhr)
3s increasedto8.I.4pounds”perhouy.AJ-tioughthisisa eizeable
increaseintheamoti.toftiterintercepted,only ~ (eq~t~n (9))
ofequation(13)isa.ftectedby theincrease,andtherevisedvalue
of q.becom%2035Mu”per hour,sgasirefoot;which,in thiscase,
provjtksbetteragreementwith”themeaeured.value. ““ - .=

‘I’heassumptionofuniformtio~ize distributionin thecalc~
tionof q mayalsobe thecausb.ofthelargedimgre~nt between
themeasui%dand calculatedvaluisof-q inicingconutions1 end
7, ts,bleVII. Bagedontheassumptionofno dropspresentlarger
than the.meaneffectivediameter,theweight-~teofwaterimpir~e-
mentinthesetwocasesisfoundtobe zero. Thevalueof q in
tabloVII,therefore,hasbeenderivedfortheietwoconditionson
thea,em.mrptionofa CICXWpanel’withno evaporationoccurringon
thesurface,Ifdropsofa dieawterlargeenoughtodzrikethepsriel
hadactuallybeenpresentin’stii?icientquantitytowetthe~el,
evenpartially,thecalculate&vaU~eof’q wouldbe considerably
inormsedandbetteragreement@.ththemeqsuredvQue wouldreeultr
Althoughtheeedjscussi.onsareby nomeansconclusive,theydo
Indicatetheimportanceofd.rop-stzedistributionandmaxfinumtip
size.Thisfactorshouldbe givcmconside~tioninfwtwredesign
Calculations●

.. _

~lasedupon an exaninatlon ofthedataintables?ZZandTIII,
thecalculationfortheflushwintihield..heatflowb Appondixllj
anda considerationof’tievariousi.nfluermirgfa~torewhichcause
disagreementbetweenthecalculatedand~asuredvaluesofhoatifluw,
itia concludodthatequation(13)willprovidepredictedvaluesof’
heatflow.withanaverageaccuracyof15percentif theentireauzfaoe
isassumedorknown&be completelywettedandthelocalvelocity
overthewindshieldpanelis employedinthecalculations. !19m
aucura~y ofiheequationi=greatlydependentupontheaccui’acyof
theva;Lueso?convectiveheat-transfer-~oefficicntemployed.Tho
determinationoj? e~-erimental valuesofthisq~nti.~forthe
particularwindshieldconfigurationproposedWOU.M.be ofconsldera%le
aidintheaccurateprc,dicti,onoftherequiredheatflow,altha@
intheabsenceof suchdateequatic)n~ (6) and (’7)willsupplya
resmonz.bleapproximation.Theeffectontheaccuracyofequation(13)
producedhy an errorintheestimationorcalculationof thewotght
rateofwaterfrn~inge?.uontisnotlarge,providedm.u?ficientwateris
interceptedby thewindshieldtocompletelywetthesum?ace,Rates
ofwaterImpingementlessthan.thevaluereguiredtowet_thesurface ~-x.:%.’ ..

. . . ...=. ._—-==-:+ -.. , _.- ..-,.==.-.-:. =..-. .—.
. --: ----.
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affectthe,:valueof ‘~ (equatiti(8))j‘since empdraiion over &e-” “”
entireE3urfac6’ i6noty.ealized.ForrAteVoftmpingemefita%ove.the .
quantityrequiredfm ‘comple~el~wettingthe.surface,‘thevalueof ,
~ remainsconstantand.theonlytermof ~qwtion(13)affectqdis
thevalueof qs (.e,qwtion(9),),whichi,san:itemof secondary
ma~itm~e, ,

wa~ consideriti~sf Wndshield
.-..

lieat~w..eouiremtq
HaTir~shownthat”’eq~tion(:3)~Sa@ioable for’~hecalc~at{%qf
windshieldheatirgrequiraents
the.eq~~ti.oncanbe evaluated

S pr~~~d.edthe=tOUS ~om~onen~~Of‘“-“____
itis of interesttoutillzethe

equationto investigatetheheatrequirementsforvariouswinuhield
configurationsin icing conditionswhichmightbe selectedas design
requirements.An indicatitu”otthOtitsorologicalconditions ‘
corr.e3pcuxi@to”ty-pical,“oraverageseverity,ici& tidtothemOEti”;
probabl~ma@mm icingto”be.expectmdip.allweathertransyort
operations“w~obtxiizjedfroma revi% ofieferanc”e9. Foreachof:”’.”
thetwogetie~lcloudtypes”(&mulusQn.dstratus)a liquldwater
contenttiqs“selected”whichco~espor,dedtoa moderateicingccnidi-
tion. In thecaseofthem!xratuqoloud,thevalueasmrmed’yas ‘--
0.5~am.ye~eiibicmetwr$whiletheco~o=por.dingvalueforthe. ““
cumulusclou&was1,0- percubic.meter.Basedonthedata.in :
figures6 and.9ofrqference9,yalues“o?15°F, free-airternpefitie;
and~ ml.or&is,dropdiameter,wereselectedforthestratuscloud,
Thecorresyo~d~ngvaluesforthecumuluscloudwere0°F and20 ‘ -
mic~ons,-.. -.

. ...-

“Iheheatingrequirementfortheflat-plate,flush,and~-type
windshieldsin the,above‘icingconditionswascalculatedby the
methodpresentedinAppentixB forairplanespeeds.oT170and.
300miles.~brhow, andtheresultsare$re&entedintalleX. Fran
thistable&l -previousempiricalheatingrequirementof1000Btu
perhourpepsq,refootofwindshieldsurface(reference1) is
seentopro-rideadequateprotectionfor”~-t~e”windshieldsin
moderatestratusforflightspeedsas groatas ‘~00miles.”perhour.
In thecaseofthemoderatecumuluscloud,however,~hisquantity.
ofheatflowwouldn“otbe adequatee~enat a spee&of150mtlesan
hour. Intransportaircraftoperations,the.mostcrfti=lneedfor
windshieldiceprotectionoccursduringflightir.thecongestedmk%
surroundingtheairtermirala.Anyicibgcontitionencounteredwouid
be ofthestratus -@p which wo-zldtendtoreducetheheattng
roquirerpent+Fortransportoye~tioninmountainousareas,whcme
cumulusandstiatocwnuluspr.edomi~teandhighcruisingaltitudes
(hencehwfree-airtesnpera@es)aretherule,a heatr~quir~
montoffrom2000to 2500Btuperhow pere@xiI?efoot,forsyee@
up to 300milesTerhourjis indioatedi? complete’andcontinuous

-. .. -
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proteoticmh dcmtied,Certainlycompletevisibilityat alltfmm
Isdesirableformilitaryaiticraft.It isofinteresttonotethat
a heatIeupplyof.1000Btu‘perhourper@quarefoot apyearsadequate
fora flushwindshieldinallof theicingandflightconditions
assuuedin tableX.

In consideringtheindividualcontributionofeachofthe
various meteorologicalfactors.whichconstituteicingconditions
tothetotalheatrequirement,thepowerfuleffectofchargesIn
thevalueoffree-a~temperat~eisnoted.Thi.sdoml.natlngeffect
istraceableto–thefact-thatthesm~aoeevaporationisgreatly
influencedby tempe~tmreohan~es,andthisterm @ ofthegeneral
equatior.3soneofthemajol”components:-Asan illustrationofthis
effect,consider,the.increaseInheaticg-reqtircme~~t(table~) for
theflat~platewindshieldfrom540to10~ Btmperhour,square
footas a result of (1) increas~ng thedropdiameterby 5 microns,
(2)doublingtheliquidwatercor.ten,t,@ad (3)decreasi~the.free-
ati-temperatme%Y-15?F. Wheneqm”tibn-(13)isutilized,ttcan
be shownthatthe50033tuperhourpereq~e footincreaseis
composedofa l>percectiincreasedueto increaseddropeizeand
Ilqtid.watiercontent,and87 percentdueto thechangeIn thefree
airtemperature,Thisfactleadstotheconclusionthatoncethe
windshie~-dheatrequirementhasbeen,cwtablishedfore specified
icingcondition,andwhenthe’conditionisassumedtobe severe
enoughtc) completely wet. the tindshleldsur..ace,ohangesindrop
sizeandliquidwatercontentwillnotchan~etheheatingreqfir+
mentapvmeciably.A changeIn$re+airtemp~=.ture,however,Will
havea very-noticeable,.effeotontheheatingreq@.yement.It should
be notedthatthiecon~lusionisatvariancewithwingheating
requirements%ecauso,inthecaseofwings,-rmbackofthetmpingfng
waterisnotdesirableand,therefore,sufficientheatissupplied
to evaporateallofthewaterwhereverthfsispracticable.An
indicationofthoamount“ofheatthatwouldbermqWredifthis
designprocedwewereappliedt~wintihieldscanbe obtainedwith
equation.(13).Calculationswiththisequation,basedonicing
aondltion6,table1, indicatethatevaporationofall@e water
impingir~onthef~~plate panelinthisconditionwouldrcqulre
a heatsupplyof19,400Btr~er hmir,squarefoot.

ExternalDisch~geWirxlshields

Intheintroductionofthisreporttheetateniantwagmadethat
nmasurmnentswere taken in thejotoftheheated+irexternal-
dfschargesyst~ intheho~ethata basisfortheestabl,jsbmentof
empirica2.~egignequwkl.on~wouldresult,unfortunately,a reviewof,,.
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~ thevelocityandtemperatureprofilesmaas~edinthejet,ofwhich
figures25and26 are typic~exanples, .Mdnotrevealanybqsisfor
a rationalanalysisofthemixingofthesetwiththeboundary-layer
air,andthepredictionoftherestitar,tsurface.=talperaturerise~. —

A fewitemsof i.gterest,hqwever,werenotedduri~ theinvast+~
&Jation.Oneoftheseitemswas.~helargeamountoffheatsup@y
req,,redforicepro~ectionby theexternaldischargemethodin
comparisonwithinternalheatingofthesu@ace..Fore=ple~
figure1~.illustratesa.$lightin,w~ichthewin.?shieldareaunde~
thedischargeJetwas maintaifie~ cleqr yftha heatsupplyof2Q300C.
Btuperhour;whichisanapproximateunitflowof10,000Btuper
hourper.,squarefoot.ofclearedsurface.,In thes- icingcor.dt-
tion,iceaccretionsWereremovedfrom”theflushtestpanelwitha
heatflowof545Btuperhourpersquarefoot. (Seefi~.15and
tableIII.) mms thee@ernaldi@arge systemrequireda heat .-
eupplyapproximately20 timesthatrequiredfortheinternallyh~ted
system,forthesanedegreeofprotectioninthesw ici~ condition.

me thermalinefficiencyof thoexternal-dischar~esystemis
apparentlytheresultofrayidmixir~ofthedischargeJetwit-hthe
cold %oundary-layerair,witha resultantrapid&ecreaseintheJet
andwindshieldsurface&mperatureas @wn infigure25. “T@.e
surfacetemperaturedatainthibfigureind:catea dacreasefrcm
160°F at thedischargeslottoa-~alueof 42°F ata tistanceof
only 6 inchesfromthepointofdischarge-.’ .-.-

SatZsfactoryoyerationoftieexterna+dischargesystemfor
theV-typewindshieldwasnotobtainedbecaussoffailureofthejet
toflowacrosstheentiresurface.Figure20 illustratesa f#piC~
ice-removalattemyt.A smallareaalongthebottomofthe”pilotts.
windshield,andalsoat thecenterpost,hasbeenclearedbythedet
buttheremainderof thepanelimcoveredhy km icefcrmation.
Attemptstoraisethesurfacetemperatureby increasing-thpflow
rateandtemperatureoftheheatedairwerelimitedby thetemperature
restrictionsofthevinylplasncat theloweredgeofthewindshield
(regionofmaximumtemperature),ThO”external~sohargesystemof
windshieldicepreveiztionappearstobe a desirablein~tillationQ-
Inthoseinstanceswhere(1)internalheatingisnotpgssible,
(2)thedischargedairwillflowoverthewirdshifildwithoutreqtiring
the.additionalweightpenaltyofblowers,and (3)a lar3esupplyof
heatedairisa~ile,blein the,.regi~ofthewl~.dshieldtobe-

.
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‘“me ““fo13.&witiconclusionsarg”jiaewlontheandytioalstudies
.-aridtestdata.ofthisreport andehouldbe applicabletowindshield‘
configuraticmsandicingconditionssimilartothoseinvcwtigatod:. . ... ., ....

1. me coefficient@-convecti.$e”heat tranaf%rfortheexternal
mrfa~of a V--t~eor“flushwindshieldcanbeapproxhnatedwith —
accuracysuimble.for designp~oseg by theuse “of theestablished
equationsfor ttibulentflowon a flatplate.

,,
2. Theheatrequirementforice~reven~onona,flushor

V-typeairplanewindshieldduringfM.&htin specified fcirgcondi--
tianacanbe calculatedixjah”acmra~yof20percent.

.. . . . . -----,..7-=
“3. ” ~0’oompl.etecuxl.continuouspreventionof10saccrotioneon

the”.w.zrf%csofa V-typeaii~e windshield,forflightinmoderate
. CUMUI.OUSicing~cinditions’titspedsup to300milesperhour,w311

reqwlrea heatflowfromthesurfaceoffrom2000to2!500BtIIpwr ~ .
hourpersquarefootof”surface~”In thecaseofcontinuousflt@t
for”thesamespeedrzuigeinmoderatestralaisconditions,”aheat
flow“of1000Btuperhow persquarefootsho~dprove”adequate.

.

.
4,- me completeandcontinuouspreventionificoacqretio&

ontl;esurfaoeofa flus&t~e airplanewindshieldlocatedw@J.aft
.

ofthefuselagestagnak~onregion,fora speedzac@oup to 300miles
an hcurin stratusandmoderatecumulousconditions,canbe obtained
witha heatflowof’1000Btuperhourpersquarefoot.ofs-ace.

50 !f%etefi~cyoficetoaccret~onwindshieldswhichare,
inst&lledflushwiththefuselagecontomsisconsiderablylossthan
thatfor%-typewindshields.- ‘

6. me exte~.dischargesy~tem& windshieldthe~lfce
xcwnmtionisthermllyinel?fioientandrequiresa heatmppiy
approximately20 timesthatrequfredforan intm$nalsystemhaving
thesameperformmce. .-

.::Ym-
“7‘,,* Windshield”installation&whichcotiormtothefuselage

contoursaremoreadaptableto theuseoftheexter:ial discharge
SentemthanV-t~e ~nstallatlonsbecatietheheated:et@.11flm
naturallyoventhe.windshieldsurface. .

AmesAeronauticalLaboratory>
IWtlonalAdvisoryChmmnitteeforAeronautic,

Moffet%FieJd,Calif. ......,,. .,..----=
.

. ~ ..:..... .;:......:. ~ :;”.{;~g
-- .

-. ----....
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AE?ENDIXA

MethodUsedfortheDeterminationoftheRate
ofWater@pingementforth&FlushTestTanel .-.

—.
ThecrosssectionsoftheC-46airplanefuselagecansistedof

twocircularsectionsseparated.by thefloorline,theuppersection”
beingthegreater!Theentirefltihwindshieldassemblyvasimluded
betweentwostationswhichwerelocated23.5and50.5inches,respec-
tively,fromthenoseofthe,fuselg.geandaredesignatedas‘stations=
A andB, respectively,(fig.31). The.flushtestpazzelwaslocated
intheco~ilot’~windshieldas shownby f$guras3 and4,

A sphererepresents:thebestformf’orwhtch@ree.mlinesand
wate~op trajectoriesaremw knam (reference k) andwhichwould
haveapprdxhatelytheswnarateofwaterimpingementsas thefront
of’thefuselage.I’orcalculationsa Eq$wrewasselecte~witha
radiusequaltothemaximumradius“o”fthefuselage.‘Iherelattve ‘–
locationoftheflushtestyanalonthissphereis showninfigure31.

.,
Pemted%y themh ~.- Theprojectedareaofthe

spherei;us~d~th th~.impir@efientefficiencytodeterminetheweight
rateofwateri&erc,9ption:

w= 0,225&W@TCc

where

c theradiusof’thesphere,feet

(19)

-.

Wei~htrateof’waterinterceptedperunitofimimementama.-
Theweightrate‘ofwaterinterceptedby the’spheredividedby the
surfaceareaoverwhichthewatertiopletaitipi~egivesthoaverage
rateof impingementovertheareaof tmpingemevt.

Theequationfortheimpingementareais:

Al = 2Yrc2(l- CO=eM) (20)

where

‘M halfthecentralan@e
sphericalsurface

.

of thetotalareaofImpingementona
.
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Therefore,.-theweightrateofwaterinterceptedperunitofimpinge-
mentatieamaybewitten:

M = 0,225L U. m
100

whichnaybe reducedt~thefozm.q

. -

27CC!-

2rCc?(l- COB “qf)

.- -..

. .----

M = 0.225
rjuom

< - (21)
I;@d(1? co~gf.f) -.

..

Weightrateofwaterinterceptedby theflushtestpanel.-
‘1’heassumptionwaOmadethat,f’o~wat&drop sizesofsufficient
diametertocausetheareaofimpingementto includetheflush’~ke~t”-
panel,thewater interceptedperurd.tareaofthepanelwouldbe. “--
‘approxinmtelyequaltotheaverageweightrateofwaterintercepted
over the areaOr impingement.Onthebasisof thisassumption,the
follow:hgequat”iontiswritten:

.,,> . ,.,, >

—
- . -...-=—

w= ‘qTJomA0.225—
100c(l- &-@

(22)

>.. -.. ==-—, ._

where . ...------ - .--w ---

..

-.
—
.-,

+,,

~.. .

=.. -

-:.
>.

.-
.K. w
-
~.
—.—

A theareaofthe,flushtestpanel,1.16squarefeet
..-

Calculated”valuesofwatOrimpi~etientcmthefiuehtestpsmel
f’orvariouswater+iropsj.zesarepresentedintableVI.

--

-..

-.

. .

,-

,.

.

..

.

,.
--
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.
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CalculationsoftheHeatRequirementsontileFla+_21ate
andFlushTestWindshieldsforIcingCondition6.

1,E&at.requirementfortheflakplatewin&shi.eld.-

A. me fol@wir!!assumptionsweremade:

1. Thewaterinterceptedby thewind.ehield.3sthesameas that
ir,terceptedbya ribbonwithan area’equaltothe
projectedareaofthewin+ehiel~.(Seereference4and .“
figure30,)

2. TIMwatert~t isintercept.by thewindshield-panelis
haatedtothem,m?acetemperatureandthenall,orin
part,evaporated. . —.

3* me wt%shieldsurfaceiscqnpletelywetted.

.4. mere isa rc@on ofairstagnation
d thepanel.

7. Theairflowovsrtilewindshieldis

B. Theconditionsforillustrationarethe
tion6,tableI:

1. l?resmrealtitude:““ 12,,700

.

at theleadingedge

. .

twbulent.

seamas icingoondi-

ft

2. Airplaletrueairspeed: lb.mph

3,,.Free-streamairtemperature:-2°F

4, Liquidwatercontent:

5. Watr)z%lrc-fld.iamot(,r:

60 Dro&stzedi~tributton:“.
,..

7* Heatedareaof~nol:

s, Convectiveheat-tranef~
takenat.tine~enterof
af s = 1.68ft~

1.0gram/cume@e

44 microns

UinieOrm

1.49Sqft

coefficientsbase~ontestdata
thepanel-& thea+erage”value- .—.

—
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9. Yanelanglewithth6fiselage:@ —..
10. Moansiarfacetemperatureofthapanel:36°‘1? ~

..
C.Externalconvectiveheat=transfercoefficient.Sincethe

Zacal.velocitywasnm~wed only=tthecenterofthe f&&
plattipanelandequation (15) (Discussion)givesthe,

“experimentalconvectiveheat-transfercoefficientct t&” ““ -“.
.centerofthe~nel, a conversionfactorwasneededto
convertthecoefficientat thecenteroftheparicltoan
averagevaluefortheentireheated~. By f3UbStitUti~.
2s for Z “in.equatlcm(7)andequatingthetwoequathne,
theaveragecoefficientwaefo.urdtohe 1.1timesthe
coefficientat thecenterofthe.pand. ~erefore.by usfng
‘&qtitYon.(~) forthis.c.ase:

—
,.

,...L ,&

li=

Tav =......<....
‘~ +-@ = 477°F almolwte..2 .-

.,- :
L.”

.

. .
.. ,.

106 x 1.467 =“156ft/sec
- .... ..........,-

0;0525 11/cu ft-----.
,

therefpre
!..‘.

h= 17.3’Btu/hr;sq,ft,% ‘“‘

“D.Nateofwaterimpingement,equation(10):
. ,-

“A
M= .0,225& iJom ~

Thepercentageof-waterinterceptedisobtainedframcurves
~remnted inref’ezwm~o4 aftervaluesof K and ~ ~Te been
calculatedfromtheequationsofthatreference:

i

.K= 2Yw~~o“ ~ 21
~= ‘

18Y%OIJ ,,
~=— =1.WX 104

y#w3 .

, —_-_.=

. ..—.- ..+_~- -.=1--

. . —
:

_—-
-. * ..-. . . .-—

.. . . . ..-—

——_——---= .—
- ..... ....: ---._—=

.,- —

___

-... .. ,=—

- —

—.
.-. .- .-—.-

,“.- . ..—

. .

. . -L .-—

. . . ..- . .



specificwei+glytofthewaterdrops,1 gram/cucm

35

-4specificw.si@ oftheair,8.22x 10 grams/cucm

radiusofthswaterdrop,0,002’2cm

orhalfofribbonwidth,

,.

accelerationdueto ~av-ity,W cm/see,sec
-? “absoluteVi8CQS~’%yofair,1.69x 10 ~am saG/sqcm

. Forthesemiues of K and p tiioimpingementefficiencyis “
equalto 43 per-cent, andtheequationfortheZ%iteofwater
impingementbecomes:

...

v= MA= 20.9 lh/hr

E. Calculationof thefactorX, equation(14):

o.622LSX=1+-
CP‘o

Forthesampleconditions\
Ls = 1074Btu/lbat t~= 36°F

‘s = O,zw.in. Bg

~o = 0.040in.Fig

(~.--’+
“(i+)

,
—

.—.

..
.-.

—
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t~ = 36° F

F.

G.

to = -2°F “

Therefore

. . . ,.
.“”” -. .-

x= 1 + 0,675= 1,673

Heatrequiredat theoutersurfaceofthe
ioep=vention,equation(13):

~ = hX(t@o)+M(t#o)--0.832
.

= 17.3 X 1.675 x38+ 14x

- 1580Btu/hr,sqft

“Uo 2
h
%. )“E

Temperatureofthepanelsurfacerequired
watm-~ntercepted:

flat-platepanelfor

17.3 x_0.89 (2.u5)2

._._..-
.----

-- .—

——
. . ..—

...—
—

.,-—.—

—
——
u

toevaporateallthe

..-, ---.—

Equatingtheequationofma~stransfer(equation(8)wfthout
thelatentheatofvaporization)to theweightrateofwater
impingement,thedifferenceInvaporpressms requiredto
evaporateallthewaterinteroe~tedisfirstdetmrmlned:

.

As a Yirst
calculated

then

—
. . ~.._

approximation,h oanbe takenas thepreviously
valueof17.3Btu/hr,sqft,%’.

—
—.
.—.--.

ea= 5.84in.u = 148.3 mm3g (eaturatlonj

therefore,
.- ..——..——
,- .s. ----

t~ = 13~ F
....

.,

. .-
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Forthisvalueof ta,h ISrecalculatedtobe 17.8~tu/hr”-
Bqftj%

Therefore,

-S-eo =5J.97in*m .

e:= 6.01 in. W,s =153 mmQ3. . . ,,
te =. :~41°F

Heatrequiredat theoutersurfaceofthe
allthewaterlntcrc@edwithnowater

h = 17.8Btu/&,~qf-t,%

M = 14,0 lb/hr, Sqft

t== 141° F

x = 7.0 ..
~ = 17.8x 7.OX 141+14.0++ 141-56

. . .

,..
.“ -

‘

.“

panel to evaporate‘ ‘–”
ruclmckorblow-off.

..
--—

—,

= 19,400Btu/hr,sqft

Heatrecnzirementfora flus4-tme vindshie~d.-Themethod
of cdcul.q,tionandtheassumptionsmadewc,rosUnilartothoseusedfor
the”f-latiplate’windshield.Icingcondition6, tableI, isagain
selectedforillustration.Forthe.fluskt~ewindshieldthe
assum~ttonwasmadetlxztthewaterintercepted%y thewindshieldis
equalto,th’ewater.interc~ptedhy a p“ortionofa splixeewitha
radiusequalt% themaximumradiusO? theuppeyhalfofthefuselage.
(SeeAppend.ixA, andfig,31.)

A. llxternd.convecttv~hea-%ransfercoefficien~?Sir-methe
flushwindshieldtestpunel.didnotdeviatefromthefuselage
conteurs,thedistancefromthesta~ationregionat tile
noseofthafuselageto thecenterofthe“panelwasutilized
tn.equs,tiw(6),to determinetheconvectiveheat-tx=msfer
coefficient.

() 0.0
h= (?,51Tavo”3 .+=

T = 475°F, absoluteav

f ?’ ~ 0.0525 Ib/CUft
s = q,c)ft ‘ ,

.—

.

—
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Therefore, - .+=

h = 14.8 Btu/hr,Sqft,%

B.Rtiteofwaterimpingement,equation(22),AppendixA, me
percentageofwaterinterceptedtisobtainedfrcmcurves
presentedinreference4 e.ftmthefollowingvaluesof K
and g hadbeer.calculated:

.-

..-—

.,
K = 0.242

v =7*3X104 “. ‘...- . . ..

then
——
.=-—_

. .

~ = 3 percent

and

OM= 16°
.—

me ten= ar~e ~ = 16° @es notre-prosenti-animp~ng~
nentareaextensiveenoughtoincludealltheareaofthe
f’lushwindshield(fig.31),yettestobeervatf.on8_3n.ticatod
thatduri~ i.cl~co~uti~n6,ioetendedtof- ~er tho
entirewindshieldsurface,Forthisreason,~“ = 27.5°
wassubstitutedfor 8M inequation(22).Theweightrate
ofwaterimpingementwasdetaned by theequation:

TyJoIllM=:=0.Z5 2.3lb/hr,eq ft
100C(140S @) =.

C.CalcuJ+tionof tiefaotorX, equation(14) . —

1+ 0.633= 1.633
..

,
—

t~ = 33° F

to = -2° E’

Ls = 1075Btu/lb’

Y. . 18i55in.~
----: —
.-;., . .
;.-i:,. .,,.

. .

::
. .

. .-. ”... -- --- .-. .-,. :
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0.24Btu/lb,‘%CP=
‘,

OS= 0.1878 iP.. I@
—

.-
0 = O*O4in.Hgo.

Totalheatrequiredat theoutersurface,eqmtion(13).

q = 14.8;:1.633x 3’j-I-2w3x 35–o.832J~ 1k8.x.o.8{2.03F

= 884Btu/hr,”sqft

.
.

. .
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1

2 31
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9 46

10 49
11 49

12 49
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Liqtia AUIbient- ~

Fre#ilu”eTrue titer air
‘sate Time altitudeairepeedconton te~e- Relmrks P

(f*) (mph} tlum
(w) (“5$=

3/29/46M26 8,& 163
..

0.2 10 14 Cmlll.lkChmds
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1’7 Cumldombllbuaclouds
.— -

1.70 .9 la la Cumlus clouds ,.—— —.. —— ———
3/2 jk6 1454 10,350 135 I .7 allto20 6 cumilusOlouda j:

3/2/ti 1526-11,500 145 .8 a20to30 -*5 !Cwlll.imclouds !:

3/2~ti 1548 12,700 140 1*O %8 to44 --2 Cuma.usolotlda ‘

4/8/46 1413 9,000 160 .5 n 24 stratusanddmatc-
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4/P5~46 1656 10,300 1.70 .2 4a 20 :altoatmstmscloud~:
~~$;ttiopsf.ze~
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TABLEII.-METECRULOXCALMIDFLIGETDATA
. C-M ~~, KGii i94&ii . ..

Iclng
colili-Fl@lt W*
titi’ntier
nwdjqr,
...

q 78 2{2/47

14 83, 2~

..-< 15 97 3iw47

16 97. ~ 3/w-i7,. .>.
., :17 100 3/16/47

“18 lo~ 3/21/47

19 I io5 3/21p17

Tim3

1057

1243

1102

&14
1 { I

20 105 3/@47 “1429,,

““E
;,..

21 :10~ 3/21/’k71433
i,,

22 105 3/?!/471505
,,,.

23 105 3j21j’h71512

24 1~ 3/21/471,528

-1
!&o MM Amb~en#

?reasure
dr Liquid.@ect- air: M%rmllmi+i,e~ltitmvebo-~~r ,~;~ W*
1*Y Cmkant tip

droptiize‘r~- ““:
~ra- (microna)::m ‘e-v(met) (mph)(gG1/m’);:~r::) ;~ ..” -

. t

&780 163 0.17 14 1.1.2.- D“ Ctil.lluE! .:“---
ly,yoo 150 .22 Pb .-~ ‘- c AltQstratma

—
11,3(M 167 :64 19.2 23 –. A clmlihla

q,ooo 165 .Jj.4 . 16.4 . 23 _’ A Cmmlllo.“

10,840,,164 .12 10.4 21.1 13 c- siratus
,

5, 0!30 i$2 .39 . 13 18.5 : 14 3 Stratocllmllua

5,CO0 152 .3b 15 19.3 19 ~’ $tratwumibus ‘,

5,150 162 ..5~ .!7’ 21.0 27~ i. StratccUlmlua
,!

4,980 156 . .37,. 19 21.2 lg. D“ Stratocumulm;=,$y ,
5,190768 .41 20 20.8. 18 E Stratmm@us , +! .-

“5,150 151 .30122. Z3.3 23 E StYatocmmllw El “;
!# ‘

4,500 161 .26 I.-u 22.0 16 E 8trat0cumulua, ;l~ ~
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TABLE111.-”RESULTSOFFLIGHTTESTSOF
1

~ HII.ATEDWII?DSH~DS.c-46AIRPLANE
lmNTER1945-46 II wIlqRl&4fw7

Flat-PlaljePan01 FlushTyue I
1

Surface[ q bwface - 5mrface
ondttimPaneltempera-!(Btu/hr!tempera-(Bt~/hr

~

I
ondition Wind-

number angle~ture(%);/sqft)iltul”e(%) /sqft)[ Remark~ mmiber shield ‘Remarks

1 I 1 1520 ~~ 37 ~ 274 Il%at supplyadequate\l13I 30 50 I co- ~ 45 I 1740 [Heatsupply

2

,

3

4

6

8

9
10

IL

U!

lFO”P.]

jo I 39 ~ 1240 ~ 28 ilF.l?.P.heat13Up@Y
,

1 I II F J

?“(4 ‘ado Uate ice plX)Vi-{~14 PilOt~sl27 \ 1030 Heatsupply
[.m?y,$owm:l~~v-j \ i ~inadequat

,i ~ing . . i I—...
30 I 60 ,‘ lf?~o ‘F.p,p.heatsupPIY

i 31 i 0 : 15 I co- 46
I
~ 935 ,Heatsupply

ademmte i b ice~
i. i

@qm F.W.Wi (Xl \pilot’a , adequate
I

!. i “~,
! I —

60 ! 53 11205 II 38 545

60 ! 47
I

I1170 I 26 ; o

60 I 53 ‘l190 p7p

I
60 40 ‘1235 21 o

I

Heatwpplyadequate’‘ 19 Imotq 39 I630. !:g~g;PIY

E2’=- !:4

I

‘: ~ ;’: ::;

~

-

Zestsupplynot

$’PP I’ticlear

Heatsupplyadequate{]21

HeatsupplyadequateII 22 co- ‘“ “
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TA?3LEIV.-IW8CLTSOFFLIGHTTXSTSOFA HEATED-AIR
EXTERMLDISCHhRGESYSTEMlKRWINDSHIELDIGE “
PROl!ECTION,C-46J)IRPLANT,WINTER1945-46

.“

ICINGCONDITION6
. .

aICINGCONDITION““4 ICINGCONDITION5

Heatsupplyslightlyin- Heatsupplyadequate. ‘
.’ dxpate. Wifidshield ,,Jm,: Windshieldclearinthe 1:~”“ ~‘,~

clearoverthree-quarter ~’“
.,,,,,.,L!,,areaoftheheatedjet..,

1’
(:

areaofheatedjet● w,,,, ,.,,.,..,,.;’,,,,, ~,,, ,.

Air-flo~rate,390ib/hr ‘ l.ir-flowr~ke,,460lb/hr ““”~“::,
Nozzleairtemperature,14fl,IF~,‘ “iNozzleairtemperature,1 ~F !,~,,

..~~atSUppiyiaadeqtiat=
for”complet&clearance
‘ofwindshield.
.!

Air-flowrate,470lb/hr
Nozzleah temperature,19~”.R
Nozzleairvelocity,150mlz

rHetitsupplied,22,000Btuhr.

,,,.

=“g
.P

,s
m

,9 i .,,,
.

.P :“
4=

‘, J :“
.!=

.,
,, 1,

,, . No.izleair velocity,105mphi,,ii ; Nozzleairvelocity,1’40rati ‘!W’
3 Heatsuppliedb.$13,200Btu/hr‘ ‘ 7Heatsupplied,21,000BtiJhr ,:,,,,

“,?.‘:!4 .‘,...!
,,,

,’1. i
.— . ,.ij I
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,,..
,.,,:,
:,.,

WI ,

. . r,: :“

>,: II
1’

i ?

.,.,,1

{,,
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tg”

(%)““ 1’
‘ —. .—

%8(k) .,(°F)

0. 190
3 83,

6 62

9, 46

12 40

;~-to
(oFj ,
-p
141

69

..46

3,5-“

30

26
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t

(i:.) ,“.(O~j

,“ r,d,,, .
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,, ,,.,. ,
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1,
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1,

ts-to

(°F)

192

85

64

43

42

55

32 ‘

27

t5-~o

(oF)

187

96

71

54

47

40
.
~J)

39

34

0
3

187

96

147

75

52 .’ 6 71
,,
9 54

12 47

15 ~o

10 40
21 39
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36

32
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,:, :

15 .33,, :..
,I;I,. ~ I 18 30
,,A,,,,!, 21, 25,,,,.,,’,,

24 ‘ “““.22...
J,,<;!,,

“’1,, 21
I

31.,
24 ..-1 34 24 I ... .‘1 24 I 30
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TABIEIV.-CONODIUED.RESULTSW FLIGHZ’T3iSTSOFAEENIZ&
AIRETl!ERNKLDISCHARGESYSTEMFORWIIUHfELOICE I

F.RfYIWTIONG-46AM?IANE,WINIXRlg4’j-46

ICINGCONDITION9 ICINGCOKDI!ITON11 ICINGCONDITIONL?

Heat supply adequata,
Windahiel&clear.

Heat supply adequate.
Wirdahleldclear.

Air-flowrate,470lb/hr
Nozzlealptanqxma%ure,1$)2°F
Nozzleairvelooity,138mph
HeatBupplied,20,000Btujhr

Heatsupplyadequab.
Windt3hieldclear,

kb@lOW rati,330lb/h
Nozzle airtemperature,1.78°F
Nozzle.51rvelooity,86mph
Heat8UPpliea,13,000EWu/hr

Air-flowrate,~00lb/hr
Nozzleah temperature,182°F
I?ozzleairvelocity,86*
Heatsupplies,13,000Btu/hr

,— —

x
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. . .
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34
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I

4=
u-l

I ,,
,
Drop

able: ~lo4
Panelangle60° panelawe 45° Panelangle30°

azxloa
K (pdlent)flb~b) K n (lbw&) K T1 I(&/@ “

10 5 25 o.Lyq o 0 0.07 0 0 Q.1 0 0

20 10 100 .185 1 ,64 .’2272 1.04 ,32 5 1.8.4

30 15 225 .51 15 9.6 .62520 10.4 ,88432 11.8

50 25 625 1.41 45. 28.8 1.7350 26.1 ?.44 &l 22.1

100 PO 2500 5.65 73 ,46.6 e.93 ,75 39,0 5.8 51 129.5.

pressure altitude,10,000ft Areaof panel,1.49Eqft
Wue airsped,150mph Halfwidthofribbon= He lengthx cosa
~ien~~lr tamperstme,00F iAvemgevalue’ofq = 2 x 10
Liquidwatercontent,1.0p/$

i ~ :,’
,’,

., .,..-
,,.

. .

I1,

il l,, ,, ,, ,,, ,., ,
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TABLEVI.-CAUXJLATEOVALUESCWWATERIMPINGEMEIWF
ONA FLUSHWINDSHIELDPm. REED ONDATA

CALCULATEDFORSPIDZRlE3,REFMRENCE4

Drop
diameter
(Inicrons)

E50
70

100
—

1Flush
*S,>.
panelj

(l?/hq
j ~~ $t

o ]“0

<1’?3 10

-2.LlE-
144 @35

~o-.7 \4.7f5

, tee%
panel~

(1~/hr) ‘,
.,

I

Q--l--
--2--1
--+

8.4
7.“4

47

Pressurealtitudb,‘IO,OOOft “ -
Trueairspeed,1>0mph
AmbienKirtemperature,0°F “,
q = 1.1x 1(F$

..-

eM,= h,+??ofthecentralangle.
oftheti?ta.1area.ofimpingement
ona sphericalsmface

Liquid:r~tercontent>1-O~/m3 ~ .
.,

. . .. . . . .

.

. . .
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xIcing PaMl Mean
ConU-- Angle Surface
ticm mm Tempew
Number Fuee- ature

*“

1 30 50

TABLEVII.-Cam.RIsmw cAIc-oIAmDANDMusuREo

*

w
*

*

HEATEGOHFROMTHESUREACEOF W FLAT-PILATR
Imt!z.C-46AnwLANE,mrnfw194M6

CalLa* calcLl- Cdc> Calcw Experi-
latad lated. I.at.ed latad wntd $+%x ~m

()) (lbv@) (Bt$r, (Btfihr, (J%r, ‘c- lo
SQ ft/%) sq?t/’@ Sqft/%F)

o 0 27.9 No &3 -630 -71.0.

9.5 Z.1 30.% W1O” ~40 i -30 -2.5

Q o 30,2 1180 3.230. -50 -4.0

3.5 1.15 17.7 730 ‘910 -J80 -24.6

20.5 8,26 18.3 1454 l~30 -176 .+2.1

39 19.0 17.3 lykl i720 -140 -8.9

0 0 16,0 5oo- 1220 ‘-720 +4

o 0 16.0 66o 640 20 3.1

45 6.44 14.9 1250 E’@ 45 3.6 ;

5.3 2.7 14.8 Xloo D70 -70 -6.4

2.5 o.j~ 14.9 1300 Ilgo Ilo -8.?

2.0 1.91 15.6 890 1235 -345 -36.8 J
,.:3, ;,

.1
o’
.

‘P!
is’

,,
.-,’1hi, + ,
Ff: .!1:

,:, : ,,

ill ir,,

‘iII. :iil,
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W!BIavmI .- COMPARISONcmcALcmAm Am MEM3UMDHEATFIMFRCM !EDISURFAC32QF
m v-m wmDSuwD,c-46AIRPLANE.WIm!lm194Q7.

,

1’
,

ExperL
king

=ce ;:~$;e wa- wd- ~%JYj F&-
7

‘ntil ~xm Remarks:ondi-Windshieldt~e~ ,t
zion
mubor ?%7 %

“ ,:~~ (g\ .qtl (:$%J, (%$,
Sq t)

13 copilott% 45 73 0.1 O.ok 34.7 ,1900 i’?w “8.4 H~tm~@y

14 Pilotts 27 24 9.0 1.84 21.5 1340 1030 23.1
HeatSUPP4
:inadequate

15 copilotIs 46 64 3.3 4.55 q.1 U& 935 27.0 Heatf3U@Y
adequate

16 Copilot16 47 63 1.0 1.03 23,3 U20
:PO %% BUpp~y

17.8 adequate

.17 Pilot?B 41 51 o’ 0 20.5 -730. ,430. 41.0 adequate
HeatBnppl.y

i Hmw%yly

:Ii3 Pilotts 38 50 0 0’ .30.0 . .&. 630 .26.8
. . inadequate

HeatSUPP4
19 Pilott!9 39 51 .1 “.07. 28.6 @5 630 2a.o

ilx$
all tly

equate

20 copilot‘B 39 53 1.1 l;43 30.1 :840 : 670
Heatmpply

20*0 ..adequate

21 CopllotlB 39 73 2.2 :.78 29.5 830. 6’70 19,3
Heat SUPPIT
adequate

.& Copilotta 39 “55 3.6 3.45 30,9 885
~.

23;2
HeatsUP@y ‘
adequate

23 Copilotfa 38 54 ,4.9 3.12 28,8 855 h
HeatSUpp~20.5 adequate

E&t g$ply

’24 Copilotta 35 50 0 0 31.4 570 490 14.0
& qwte
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Z’Y@~no-A C*@QN”” OF ti @IOUNTOFWAT!EE?
.,, IN73U?C~.lEDBY~ FtiT-I?L4TEl?MtELUSX?GTHE.. ,..,,.
..:. DROP+ZE DISTRIB~ON.“lC?lJGC~ITZOW 3.2

:... ..“” .,

Liquid LM.~d Dtstr$- ~~&.water water
coht%nt button
(percent)

cont;~t..~- (;m)(pmlmt) (Ib;hx)
m/

,.. !5 ‘ 0.07’ o.g~ ,,2.1$4,0” 0 ‘
10 . .14 /“ .4’4,1 4,1 :0 0

. . . 20 ,28 .65 G,”q o 0
,.. “30” ;42 1.00 ‘ $J,5”1.2 0,571

Po .28 1.48. 14,08.. 13 2.47..>
10 .lk 2.00 19.0 30 ‘ 2;875

t....- :5.
●0’7 2.71 !25.8 47 2.24. ‘.. .

i. \. , “100’ 1.40 --’ -. - L- 8.136.’ ,
1. . . . .

#

i

,:

.-. v:= 2.66 X’”U34
,.,. .. . . .---- ;

Basedonrflean~ffectlvedropdiameterof 19.micrags
.+.= o,oQ-095cIn ,-!.
w = 1,91Ibfti

.“.
,, .“

q = 890 atU/hr, aq f%
.

Experimentaldati
q -=.1235Btu/hr,Sqf’t. ““ ‘ ,.... .

Wa&r drop-sizemst%ilnitlonandpe&r-@3ge8of
liquidwatercentent.wereobt~$nedfrqmref ermce 4;
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l!ABLEX.-CALCUIA5DMINIMUMWINDSEm3LOEEATRE~ FCRA
MOIE.RA!133ICIIWCONDI?FIQNIN TWOTYPESOF ICIN3CLOUDS.,

DAWD ONAN ASSUMEDDROP-SIZEDX3TR!3JTIONE

number~ type ‘ -atulw
(%)

l=--t==-b--

I%essure altitude, 10,000 f%

Ekternelsurfacetmmperatum,

I I I

1.0 [ 20 j 150 I 1040 800 141@

1.0 i 20 1
I I

300 i 1630 ~oo 2103 ,

Panel@e fromthefuselage,45°

NATTCmL ADvTo-Y
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Figurel.-!fhec-46airplaneaB equippedforicingresearchflightsin thetinter1945-46.
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Figure2.-TheC-46airplaneas
~wipped for i~i~ re8emh flightsin thewinter194~47*”
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NACA TN No. 1434
57

.

.

NACA
A.10854
I 1-12.46

d
Figure3.-Adjustableflat-platewindshieldandflushwindshieldpanel.
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NACA TN No. 1434

.

.

.
.

Figure4.- Electricallyheatedflushwindshieldpanel,
viewedfromtheexteriorof theC-46airplanecockpito

59.
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NACA TN No. 1434

-.

-—-

_. -.. s

. ‘
~ ...------ --

(a)side view.

(b)TOP view.

61

Fig~e 5.-V-typeelectricallyheatedwindshield
installedon theC-46airplme~
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NACA TN No. 1434
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FLIATPLATS PPbNsL
w KN-17H3 \94.5-4Ja

NATIONALAOVISORY
COMMITTEEFORAERONAUTICS
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NACA TN No. 1434 65 “

.

Figure7.-SinglepanelfromtheV-typewindshieldinstallation..fiating
wasprovidedby transparent?electrical-conductingfilmunderouter ,
glasslayer.
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NACA TN No. 1434 67
.

.
.M-------

..- =....U4== .—7 .:---- .-. .-.-——

.

Figure8.-Detailsof
flushwindshieldof

externaldischarge
C-46airplane,

.- --

heated-airioe-preventionsystemfor
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FIGu(?,E I I .- VAP UATIO N OF C)QY RR HE(W TW)NSFEQ COE FFIr2\ElNT W ITI+ A( Q

.SPEEO AND .4LTIT’UDE ON THE FLAT- PLATE PANEL S= 4.S 0 ‘=IXM THE
TANGENT TO TuE FUSE LQGE. c-a &lRP~NE , (AJINTEQ \%45-46
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NACA TN No. 1434 73

(a)In icingconditions.Time,1549.

\

(b)Iinmediatelyafterleavingicingconditions,Time,1.551.

Figure13.- Flushwindshieldof C-46airplaneduringicing
conditionG,tdle I;withinadequateheatsupplytothe
extern~dischargesystemforthepilot’sp~e~c
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NACA TN No. 1434 75

.-.—-.F-- ,.-.= ---.--.—--+ *
—.— “.—... . ..._- .;+- ....””-.—

..._

.-

-..

--

—

. .. . . .

TIME -1650 TO 1720
PRESSURE ALTITUDE 10,300 TO 10,600 FEET
TRUE AIR SPEED 170 TO [50 MPH
AMBIENT AIR TEMPERATURE 20 TO 17.5-F
LIQUID WATER CONTENT .15 TO .3 GRAM/M3
MEAN EFFECTIVE DROP SIZE 50 TO 20 MICRONS
HEAT SUPPLIED TO PANEL 1205 BTU/HR FT2
HEAT SUPPLIED TO WINDSHIELD 525 BTU/HR FT2

Figure14.- Sketchbasedonphotographsandflightengineer’snotes
of iceaccretionsonnosesndwindshieldsof C-46airplaneafter
icingcondition9,table1. Panelangle60°withthefuselage.
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NACA TN No. ‘1434 77 “

(a)In icingconditions,startof removal.Time,17U%”

.

(b)In icingconditions,removal-continued.Time,1706.

15.-Windshieldof C-46airplaneduringicingcondition9,--Figure
tableI, showingremovelof ice
heatedflushpanel,rightside?
leftside.”

—
accretionsfromtheelectric~ly
andtheexternaldischargeareas
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NACA TN No. 1434 79

(c)In clearair,removalcowleted~Time?1720”
.

(d)Iceformationon~inch-dimeterrodduringthe
icingrun.”

Figure15.- Concluded~
.
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NACA TN No. 1434

.

81

Figure16.- Windshieldof C-46airplaneaftera flightin
icingconditionsinwhichtherewas no tendencyforice
to formon thewindshield.Ice accretionsshownformed

on ~-inch-dismeterrodsbesidewindshields;icing
conditions10 and11,table1.
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NACA TN No. 1434 83

FLIGHT NUMBER 31
PRESSURE ALTITUDE
TRUE AIR SPEED
AMBlENT AIR TEMPERATURE
LIQUID WATER CONTENT
MEAN DROP “SIZE
HEAT SUPPLIED TO PANEL
ICING CONDITION NUMBER I

TIME 1116
8,000 FEET

16~4 MPH

.2 GRAM/;~
10 MICRONS

1520 BTU/HR F~

FLIGHT NUMBER 31
PRESSURE ALTITUDE
TRUE AIR SPEED
AMBlENT AIR TEMPERATURE
LIQUID WATER CONTENT
MEAN DROP SIZE

TIME 1626
11,650 FEET

180 M:!

.5 GRL7M/M3
18 MICRONS

H-EAT”
ICING

SUPPLIED TO PANEL 1240 8TU/HR-FTz
CONDITION NUMBER 2

FLIGHT NUMBER 33 TIME 1147
PRESSURE ALTITUDE 6,300 FEET
TRUE AIR SPEED 170 M~~
AMBlENT AIR TEMPERATURE
LIQUID WATER CONTENT .9 GRKvM3
MEAN DROP SIZE . 10 MICRONS
HEAT SUPPLIED TO PANEL 1230 BTU/HRFW
lCING CONDITION NUMBER 3 hfiCA

A-I09U!

Figure17.-Iceaccretionsformedon theflat-platewindshieldof the
C-46airplsneduringicingconditions1,‘2,and3,tableI, Panel
angle30°withthefuselage.”



.

..— ..—
—.-—

.

. .——
.—. .

.—

.-.

. ..— .—

.
—

.-
-..

.- —
—.—

.—

.—

—

——

.

— —

.,

.
— .—

.-



NACA TN No. 1434 85
.

.

.

.
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FLIGHT NUMBER 23 TIME 1454
PRESSURE ALTITUDE
TRUE AIR SPEED

10,350 FEET
135GM:~

AMBIENT AIR TEMPERATURE
LIQUID WATER CONTENT .,! :: .s GRAM/M3
MAXIMUM DROP SIZE - MICRONS
HEAT SUPPLIED TO PANEL 910 BTU/HR Fl=
IGINQ 00 NDITION NUMBER 4

TIME 1516
I 1,500 FEET

l:& MPH
‘F

FLIGHT NUMBER 23
PRESSURE ALTITUDE
TRUE AIR SPEED
AMBIENT AIR TEMPERATURE
LIQUID WATER CONTENT’ .3 TO 1,2 GRAM/M3
MAXIMUM DROP SIZE 20 TO - MICRONS
HEAT SUPPLIED TO PANEL 1630 BTU/HR Ffi
ICING CONDITION NUMBER 5

FLIGHT NUMBER 23
PRESSURE ALTITUDE
TRUE AIR SPEED
AMBlENT AIR TEMPERATURE
LIQUID WATER CONTENT .6 TO
MEAN DROP SIZE 16 TO
HEAT SUPPLIED TO PANEL 172
ICING CONDITION NUMBER 6

TIME “1546
12,700 FEET

14:2M:~

1.4 GRAM/M3
44 MICRONS

:0 BTU/HR *
NACA

A109b2. . . . . .,<-, ,-.0

Figure18.- Iceaccretionsformedon theflat-platewindshieldof the
C-46airplaneduringicingconditions4, 57 and67tableI. p-cl
angle45°withthefuselage.”
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NACA TN No. 1434 87

FLIGHT NUMBER 49
PRESSURE ALTITUDE
TRUE AIR SPEED
AMBIENT AIR TEMPERATURE
LIQUID WATER CONTENT
MEAN DROP SIZE
HEAT SUPPLIED TO PANEL
ICING CONDITION NUMBER 10

“1

iii

c..——

E

----

TIME 1121
9,!40 FEET

1:55 MPH

.7 GRAM/;~
23 MICRONS

1170 BTU/HR FT2

FLIGHT NUMBER 49 TIME 1132
PRESSURE ALTITUDE
TRUE AIR SPEED

‘8,9:)5 F:;;

AMBlENT AIR TEMPERATURE II ‘F
LIQUID“WATER CONTENT .2 GRAM/M3
MEAN DROP SIZE -
HEAT SUPPLIED TO PANEL
ICING CONDITION NUMBER

I 7 TO 44 MICRONS
1190 BTU/HR Ffi

II

FLIGHT NUMBER 49
PRESSURE ALTITUDE
TRUE AIR SPEED
AMBlENT AIR TEMPERATURE
LIQUID WATER CONTENT
MEAN DROP SIZE
HEAT SUPPLIED TO PANEL
ICING 00 NDITION NUMBER

TIME 1155
10,600 FEET

1605 M!;

1.4 GRAi/M$
19 MICRONS

1235 BTU/HR _
12 NACA

AI0983
12-11-46

Figure19.- Iceaccretionsfomnedon theflat-platewindshieldof the
C-46 airplane during icingconditions10,11;arid12,table1,
Panelangle60°withthefuselage.
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NACA TN No. 1434 89

Figure20,- V-typewindshieldof C-46airplaneduringflight
in icingconditionsshowingunsuccessfulice-removal
operationof externaldischargej~teoverPilot*sP~el?
withheatsupplyof18,000Btuperhour.’
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NACA TN No. 1434

Figure21.- Typicaliceaccretionon V-typewindshield
withoutanyheatsupplied.

Figure22.-Iceaccretionsformedon V-typewindshieldof
theC-46airplaneduringicingconditions15 end169
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NACA TN No. 1434‘ 93

(a) In icingconditions.Time, 1140.

(b)In clearair,ioeremoved,Time,1215.

Figure23.- Iceaccretionsformedon V-typewindshieldof the
C-46airplanediningicingcondition17.
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